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Abbreviations  
 
Abbreviation Definition 
% lossm  Percentage Carbon Loss 
by Mineralisation  
% lossr  Percentage Carbon Loss 
as Respiration  
% Tloss  Percentage of the Total 
Carbon that will be 
theoretically lost 
through Respiration (%) 
%C Loss   Percentage C loss  
%Ca  Percentage of Carbon 
in the Active Pool (%) 
%Cf  The Percentage of 
Carbon in Fast Pool 
relative to the Total 
Carbon Pool  
%Cp  Percentage of Carbon 
in the Passive Pool (%) 
%Cs  The Percentage of 
Carbon in Slow Pool  
%CT The Sum of the 
Percentage Fast (%Cf) 
and Slow Pools (%Cs)  
<3 yr. Less than 3-year 
Biosolids Group 
<53 µm Fine Fraction 
>3 yr. Greater than 3-year 
Biosolids Group 
>53 µm Course fraction 
µm Micrometre 
ACT Australian Capital 
Territory 
Al Aluminium 
ANOVA Analysis of Variance  
As Arsenic 
BD Bulk Density 
BE Bentonite 
(Montmorillonite 2:1) 
BW Barwon Water  
C Carbon 
Abbreviation Definition 
C(t) Total C or OC of the 
sample at time (t) (%C) 
C(t0)  The Initial Carbon 
Concentration (%C) 
C:N Carbon to Nitrogen 
Ratio 
C1 Contaminant grade 1 
C2 Contaminant grade 2 
C3 Contaminant grade 3 
Ca Calcium 
Ca The Initial Carbon 
Concentration in the 
Active Pool (%C) 
Cd Cadmium 
CDP Clay Drying Pan 
CEC Cation Exchange 
Capacity  
Cf The Initial Carbon 
Concentration in the 
Active pool (%C) 
CHW Central Highlands 
Water  
CI Confidence Interval  
Ci Amount of Carbon in 
the Intermediate or 
Slow pool  
Cm Cumulative 
Mineralisation of C 
Comp Composted Biosolids 
Correl  Correlation  
CP Cross Polarisation 
Cp The Initial Carbon 
Concentration in the 
Passive pool (%C) 
CR Cumulative Respiration  
Cr Chromium 
CR(t)  Total or Cumulative 
Respiration at time (t). 
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Abbreviation Definition 
CROSS1:5 Cation Ratio of 
Structural Stability  
Cs The Initial Carbon 
Concentration in the 
slow pool (%C) 
Ct Total Carbon Pool  
CTCC  Cement-treated 
Crushed Concrete  
Cu Copper 
CWW City West Water  
DOC Dissolved Organic 
Carbon  
DRIFT Diffuse Reflectance 
Infrared Fourier 
Transform 
EC 1:5  Electrical Conductivity  
EDTA Ethylenediaminetetra-
acetic acid   
ESP Exchangeable Sodium 
Percentage  
ETP Eastern Treatment 
Plant 
Exch. Exchangeable 
Fe Iron 
FIA Flow Injection Analysis  
g Gram 
GLW Gippsland Water 
H Hydrogen 
HF Hydrofluoric acid 
Hg Mercury 
Hz Hertz 
ICP-MS Inductively Coupled 
Plasma Mass 
Spectrometry 
IR Infra-red 
K Potassium 
KA Kaolin 
ka Rate Constant 
representing the active 
pool (days-1) 
kf  The Rate Constant of 
the fast pool (days-1) 
kg Kilogram 
Abbreviation Definition 
ki Rate Constant 
representing the 
intermediate pool 
(days-1) 
kp Rate Constant 
representing the 
passive pool (days-1) 
ks The Rate Constant of 
the passive pool (days-1 
) 
Max Maximum  
Mg Magnesium 
Mg C Megagram of C 
MHz Megahertz 
MID-IR Mid-Infrared  
Min Minimum 
mm Millimetre  
Mn Manganese  
Mo Molybdenum 
MPN Most Probable Number 
Mg Megagrams  
Mt Megatons 
MW Melbourne Water 
N Nitrogen  
N/A Not Applicable 
Na Sodium 
ND Not Detected 
Ni Nickel 
NLAR  Nitrogen Limiting 
Application Rate 
NMR Nuclear Magnetic 
Resonance 
Spectroscopy 
NO2- Nitrite 
NO3- Nitrate 
NOx Nitrous oxide 
NSW New South Wales 
NT Northern Territory 
O  Oxygen 
OC Organic Carbon 
OM Organic Matter 
P Phosphorous 
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Abbreviation Definition 
P<0.001 Highly Statistically 
Significant 
P<0.05 Statistically Significant  
P=0.05 Borderline Statistically 
Significant  
Pb Lead 
PC1 First Principle 
Component  
PC2 Second Principle 
Component 
PCA Principle Component 
Analysis  
Pd Lead  
Pell Pelletised Biosolids  
Pell-BE. Pelletised Biosolids 
mixed with Bentonite  
Pell-BE10% Pelletised Biosolids 
mixed with 10% 
Bentonite  
Pell-BE20% Pelletised Biosolids 
mixed with 20% 
Bentonite  
Pell-BE30% Pelletised Biosolids 
mixed with 30% 
Bentonite  
Pell-BE40% Pelletised Biosolids 
mixed with 40% 
Bentonite  
Pell-BE50% Pelletised Biosolids 
mixed with 50% 
Bentonite  
Pell-CDP Pelletised Biosolids 
mixed with clay drying 
pan clay 
Pell-CDP10% Pelletised Biosolids 
mixed with 10% clay 
drying pan clay 
Pell-CDP20% Pelletised Biosolids 
mixed with 20% clay 
drying pan clay 
Pell-CDP30% Pelletised biosolids 
mixed with 30% clay 
drying pan clay  
Pell-CDP40% Pelletised Biosolids 
mixed with 40% clay 
drying pan clay  
Abbreviation Definition 
Pell-CDP50% Pelletised Biosolids 
mixed with 50% clay 
drying pan clay  
Pell-KA Pelletised Biosolids 
mixed with Kaolinite   
Pell-KA10% Pelletised Biosolids 
mixed with  10% 
Kaolinite  
Pell-KA20% Pelletised Biosolids 
mixed with 20% 
Kaolinite  
Pell-KA30% Pelletised Biosolids 
mixed with 30% 
Kaolinite  
Pell-KA40% Pelletised Biosolids 
mixed with 40% 
Kaolinite  
Pell-KA50% Pelletised Biosolids 
mixed with 50% 
kaolinite  
PG Pine gro 
Pg Petagram 
pHcacl2 pH calcium chloride  
pHw pH water 
PLS Partial Least Squares  
POC Particulate Organic 
Carbon 
PSA Particle Size Analysis  
QLD Queensland  
R2 R-Squared  
RMSE Root Mean Square 
Error 
RSCL Receiving soil 
contaminant limit 
SA South Australia 
SAR1:5 Sodium Absorption 
Ratio 
SD Solar Dried 
SD-BE. Solar dried Biosolids 
mixed with Bentonite  
SD-BE10% Solar dried Biosolids 
mixed with 10% 
Bentonite  
SD-BE20% Solar dried Biosolids 
mixed with 20% 
Bentonite  
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Abbreviation Definition 
SD-BE30% Solar dried Biosolids 
mixed with 30% 
Bentonite  
SD-BE40% Solar dried Biosolids 
mixed with 40% 
Bentonite  
SD-BE50% Solar dried Biosolids 
mixed with 50% 
Bentonite  
SD-CDP Solar dried Biosolids 
mixed with Clay Drying 
Pan clay  
SD-CDP10% Solar dried Biosolids 
mixed with 10% clay 
drying pan clay  
SD-CDP20% Solar dried Biosolids 
mixed with 20% clay 
drying pan clay  
SD-CDP30% Solar dried Biosolids 
mixed with 30% clay 
drying pan clay  
SD-CDP40% Solar dried Biosolids 
mixed with 40% clay 
drying pan clay  
SD-CDP50% Solar Dried Biosolids 
mixed with 50% clay 
drying pan clay  
SD-KA Solar Dried Biosolids 
mixed with Kaolinite 
SD-KA10% Solar Dried biosolids 
mixed with 10% 
Kaolinite 
SD-KA20% Solar Dried Biosolids 
mixed with 20% 
Kaolinite 
SD-KA30% Solar Dried Biosolids 
mixed with 30% 
Kaolinite 
SD-KA40% Solar Dried Biosolids 
mixed with 40% 
Kaolinite 
SD-KA50% Solar Dried Biosolids 
mixed with 50% 
Kaolinite 
Abbreviation Definition 
Se Selenium 
SEW South East Water 
Si Silicon 
SOC Soil Organic Carbon 
SOM  Soil Organic Matter 
Stdev Standard Deviation 
t1/2 (a)  Half-life of active pool 
t1/2 (p)  The half-life of passive 
pool 
t1/2(f)  Half-life of fast pool 
t1/2(s)  The half-life of slow 
pool 
T1 Treatment Grade 1 
T2 Treatment Grade 2 
T3 Treatment Grade 3 
TAS Tasmania 
TC Total Carbon at time 
zero 
TC(t0)  Theoretical TC or OC of 
the sample at time t=0 
(%C) (y-intercept) 
TDP  Thermally Dried and 
Pelletised 
TiO2 Titanium (IV) oxide  
TKN Total Kjeldahl Nitrogen 
Vic Victoria 
VS Volatile Solids 
W&B Walkley and Black  
w/v Weight over Volume 
WA Western Australia  
WAS Waste activated sludge  
WTP Western Treatment 
Plant 
WW Western Water 
XRD X-ray Diffraction 
XRF X-ray Fluorescence 
Spectrometer 
Zn  Zinc 
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Glossary  
 
Term Definition 
Aerobic digestion The decomposition of the organic matter in sewage sludge by micro-
organisms into carbon dioxide and water, in the presence of oxygen. 
Anaerobic digestion  The decomposition of the organic matter in sewage sludge by micro-
organisms into methane, carbon dioxide and water, in the absence of 
oxygen. 
Augers Augers tool used to collect soil sample and come in a variation of 
shapes and sizes. 
Belt press or filter 
press 
 Belt press or filter press is a biosolids dewatering process that uses a 
belt filter to squeeze-out all the water from sewage sludge. This process 
produces a biosolids cake martial.   
Beneficial Use The use of biosolids for any purpose which provides benefit without 
harming or threatening public health and safety or the environment. 
Biosolids Sewage sludge that has been treated to the dewatering stage to reduce 
or eliminate health risks and improve beneficial characteristics. 
Biosolids 
Classification 
The process of assigning biosolids products into classes based on 
defined characteristics.  
Carbon credits A permit which allows a country or organization to produce a certain 
amount of carbon emissions and which can be traded if the full 
allowance is not used. 
Carbon Fraction Different types of organic carbon analysed using chemical and 
spectroscopic methods (see chapter 1). 
Carbon Pools Different types of organic carbon that mineralise at the same rate (see 
chapter 1).  
Carbon 
Sequestration 
Capture of carbon from atmosphere and storing the carbon in e.g. soil 
Centrifuge  Centrifuge is a device that uses centrifugal force to dewater biosolids 
and produces sludge material.  
Composting  A process in which solid organic materials are broken down by micro-
organisms in the presence of oxygen and water. Biosolids are mixed 
with sawdust, wood chips or other organic material. High temperatures 
generated during this process destroy harmful micro-organisms. A 
rich, soil-like product is the end result. 
Contamination grade  Classification of biosolids based on contaminants values set by 
guidelines.  
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Term Definition 
Dewatering, 
dewatered biosolids 
A process which reduces the water content of liquid biosolids and 
produces a solid, spreadable product, typically in the range 15-35% 
solids content. 
Digestion  Chemical and biological breakdown of sewage.  
Greenhouse gases A gas that contributes to the global warming effect by absorbing 
infrared radiation. Carbon dioxide and chlorofluorocarbons are 
examples of greenhouse gases. 
Heavy metals A metal of relatively high density, or of high relative atomic weight. 
Incorporation Mixing biosolids with the soil, for example by injection, ploughing, 
Roto-tilling or tandem disc harrowing. 
Land application Application of biosolids to land in a managed process according to 
relevant regulations. 
Lime amended or 
lime stabilised 
biosolids 
Biosolids that have had sufficient lime added to destroy or inhibit 
pathogens and micro-organisms involved in the decomposition of the 
biosolids. 
Liquid biosolids Biosolids which is in a liquid form, generally containing less than 8% 
solids and most commonly with 2-5% solids. 
Macro-nutrients Essential elements used by plants in relatively large amounts for plant 
growth are called macronutrients. The major macronutrients are 
nitrogen (N), phosphorus (P), and potassium (K).  
Micro-nutrients Micronutrients are those elements essential for plant growth which are 
needed in only very small (micro) quantities. The micronutrients 
include calcium (Ca), magnesium (Mg), sulphur (S) boron (B), copper 
(Cu), iron (Fe), chloride (Cl), manganese (Mn), molybdenum (Mo) and 
zinc (Zn). 
Micro-organisms Micro-organisms are very small, one-celled organisms which are found 
everywhere in the world and include algae, bacteria, fungi, viruses, etc. 
Mineralisation  Loss of carbon through decomposition by microorganism.   
Nitrogen Limited 
Biosolids Application 
Rate (NLBAR) 
The NLBAR is the rate at which biosolids can be applied to crops 
without exceeding the crop’s nitrogen requirements, thereby protecting 
surface and groundwater from nutrient contamination. The NLBAR is 
calculated taking into account nitrogen that is immediately available 
(bioavailable) to crops, nitrogen that will become available over time as 
less soluble nitrogen mineralises, and nitrogen which is already 
available in the soil. 
Organic matter (OM) OM is a range of compounds made up of mostly bonded carbon, 
hydrogen, nitrogen and oxygen and found in terrestrial and aquatic 
environments. 
Pathogen A microorganism which causes illness to humans and/or animals  
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Term Definition 
Pyrolysis Decomposition brought about by high temperatures. 
Respiration The release of the carbon as carbon dioxide through the mineralisation 
of organic matter by microorganisms.  
Receiving soil 
contaminant limit 
(RSCL) 
The maximum permissible contamination levels of soil receiving 
biosolids application. 
Sequestration  The action of chemically capturing a substance. 
Sewage sludge A solid, semi-solid or liquid residue generated during the treatment of 
domestic sewage in a treatment works. 
Sludge drying  pan or 
clay drying bed 
Sludge drying pan or clay drying bed is a compressed clay bed used to 
dry biosolids. 
Sludge lagoon An impermeable earthen basin that receives sludge that has been 
removed from a wastewater treatment facility. 
Soil Organic Carbon 
(SOC) 
SOC is the organic C pool in SOM. 
Soil organic matter 
(SOM) 
SOM is organic matter pool found in the soil (see OM definition). 
Solar Driers Solar dryers are devices that use solar energy to dry substances like 
biosolids. 
Stabilisation The process used to reduce harmful bacteria and odours in biosolids. 
Stockpiles Sludge drying pan or clay drying bed is drying and maturation process 
to reduce pathogen in biosolids and create dry spreadable biosolids 
product.  
Thermal dried ‘Thermal dried’ is a rapid dewatering process using heat at 200 ͦ C to 
produce a very dry biosolids product. 
Treatment grade or 
Stabilisation grade  
Classification based on treatment level, pathogen and vector reduction. 
Vectors Rodents, flies, mosquitoes or other organisms capable of transporting 
disease. 
Volatile solids Solids which can be broken down into their constituent elements.  
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Abstract  
This thesis describes an investigation into the characteristics of biosolids produced in 
Victoria Australia and how their properties impact on their potential for incorporation 
into carbon sequestration programs. Biosolids are a by-product of the sewage 
treatment process, and as a result, contain nutrients and organic matter that can be 
utilised as fertiliser products in agricultural systems. To date, research has focussed 
on the nutrient potential of biosolids, but there is a growing interest in biosolids’ 
carbon which has the potential to be sequestered in agricultural soils to offset water 
corporations’ large carbon emission footprint. Organic waste streams were recently 
recognised in a CSIRO review of soil carbon sequestration potential in Australian soil 
as the most promising option to generate carbon credits in agricultural systems. In 
order to capitalise on this management approach, water corporations require 
quantitative information on the characteristics of the diverse range of biosolids 
products as well as their carbon sequestration dynamics.  
The current project was designed after extensive industry consultation to address 
some inadequacies in reported information on biosolids, in particular, the lack of 
information on physicochemical properties of biosolids products. The primary aim of 
this project was to characterise the vast range of biosolids materials and how this 
impact on their potential for soil C sequestration 
An initial review of the literature showed inconsistency in the description and 
classification of biosolids, and the first stage of this project was to survey water 
corporations in Victoria. The survey identified 17 biosolids products which consisted 
of four distinct types and based on the analysis of these products, a new system of 
classification was proposed that better represent the diverse nature of the biosolids 
produced in Victoria. The new classification system will allow biosolids managers to 
identify similarities and differences between biosolids types. 
During the characterisation studies, it was found that spectroscopic characterisation 
of biosolids using techniques such as MID-IR combined PLS could predict (C, N, Si, 
Al, clay, silt and sand). It was concluded that the use of MID-IR combined with PLS 
could be used as an alternative and cost-effective method to measure multiple analytes 
in biosolids. A methodology was subsequently developed for the specific use of MID-
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IR and PLS for the estimation of C in biosolids products. The results showed that MID-
IR combined with PLS could give a reasonably accurate estimation of biosolids C. This 
methodology was then used to determine biosolids C in mineralisation studies. 
Mineralisation studies were undertaken to provide information on the likely fate of 
these products when they are land applied. It was found that there was a significant 
difference in the mineralisation behaviour of the 4 types and this was concluded to be 
due to the ageing and maturation time.  It was also found that biosolids components 
that could be considered as contaminants or impurities such as heavy metals and clays 
have some impact on carbon mineralisation which further emphasises the need to 
undertake site-specific pre-application analysis to develop a sequestration program. It 
was beyond the scope of this present study to thoroughly investigate soil/biosolids 
interactions, but the mineralisation behaviour of all biosolids types provides 
information on the likely fate of these products when they are land applied. A 
preliminary investigation was undertaken on some historical land application sites to 
determine if there was any evidence of sequestration and also what factors were 
important. It was found that the application of biosolids could result in soil C 
sequestration, but this was dependent on site-specific factors such as soil type, 
application frequency and nutrients in the receiving soil. Suggestions for further work 
were made based on these observations and other findings from the project. 
The study has provided essential information to water corporation managers to 
execute existing land application arrangements better and also to investigate the 
sequestration potential on suitable sites. This study has clearly shown the factors that 
affect biosolids C mineralisation, and it was determined that under the appropriate 
soil type and biosolids management, it is possible to sequester C in the Victoria region. 
However, more information on matching biosolids properties and receiving soils 
characteristics is required to enable water corporations to offset emissions in any soil 
C sequestration programs. This study has revealed the key factors that need to be 
considered and can serve as a guide to future research and development on this 
emerging biosolids management strategy. 
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Chapter 1: An Introduction and 
Review of Soil Applications of 
Biosolids in Australia 
1.1 Preamble - An introduction to the scope of the research 
This thesis describes a collection of studies to investigate the characteristics of 
biosolids produced in Victoria, Australia and how their properties impact on their 
potential for incorporation into carbon sequestration programs. Biosolids are a by-
product of the sewage treatment processes and as a result, biosolids products contain 
nutrients and organic matter that could be used as fertiliser products. During the 2016 
– 2017 period, 327,000 dry tonnes of biosolids were produced nationally (ANZBP, 
2017). Biosolids as a significant source of organic matter for sequestering carbon (C) 
in agriculture soil has the potential to offset water corporations’ large C emission 
footprint. However, accurate mineralisation data are required for the development of 
any soil C sequestration accounting methodology. 
Soil C sequestration has become a high-profile research field globally. In 2010 a 
landmark review paper was published by the CSIRO on the C sequestration potential 
of agricultural soils in Australia (Sanderman et al., 2010).  This review showed organic 
waste streams such as biosolids could play a major role in any C farming schemes. 
Recent concerns over global warming and rising atmospheric carbon dioxide (CO2) 
levels have increased interest in the investigation of Soil Organic Carbon (SOC) change 
and C sequestration capacity in various ecosystems. Soil C sequestration is considered 
as an effective strategy for reducing atmospheric CO2. Indeed, soil C sequestration is 
an important option not only to mitigate climate change but also to enhance soil 
fertility and the productivity of agro-ecosystems. There may also be additional benefits 
to farmers such as an increase in revenue from the C credits and increase in yields from 
better management of soil C.  
In Australia, the estimated potential for C sequestration in soils is approximately 0.2-
0.4 tonnes C/ha/yr (Freibauer et al. 2004). Agricultural soils in Australia account for 
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approximately 53 % of the total land area which suggests that soil C sequestration 
could play a major role in reducing Australia’s C footprint (ABS, 2011).   
The study of biosolids C inputs into soils is a relatively new area of research. The 
authors of two recent review papers on the topic concluded that biosolids inputs into 
soils have high C sequestration potential (Bolan et al., 2013, Tian et al., 2009, Torri et 
al., 2014). However, very little is known about the characteristics of the C component 
in a wide range of biosolids products that include stockpiled biosolids of various ages, 
biosolids composted with other organic waste streams, pelletized dried biosolids and 
thermally treated biosolids. The range of products and their varying C content raise 
many questions that to date remain unanswered. Will each of these biosolids products 
have the same potential to increase soil C or will some have a greater potential than 
the others? Will the inorganic and mineral components in biosolids affect SOC? These 
are some of the many questions this research aims to answer in order for biosolids to 
be incorporated into accountable C sequestration programs with Australian 
agricultural soils.  
1.1.1 The research context 
Biosolids are complex materials that are produced as a by-product of the wastewater 
treatment process. Biosolids are produced from the treatment of primary and 
secondary sludges that have undergone a variety of treatment processes. Biosolids 
contain significant quantities of macronutrients [nitrogen (N), phosphorous (P), 
potassium (K), and sulphur (S)], micronutrients (copper (Cu), zinc (Zn), selenium (Se) 
etc.) and C. The mineralisation rate and availability of nutrients and C can vary based 
on the treatment process of the biosolids. For the development of effective C 
sequestration practices, it is critical to understand how C changes and transforms in 
soils applied with biosolids over time and which factors affect this transformation and 
mineralization of biosolids-C. 
The present research project was designed to characterise the diverse number of 
biosolids products generated by the water industry in Victoria and to understand how 
the different characteristics of these materials affect C dynamics when they are applied 
to land. 
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1.2 An overview of Australian biosolids production, management 
and end uses  
Land application of biosolids continues to play an essential role in beneficial use 
programs, mainly because of the relatively low cost of recycling the nutrients and 
addition of much-needed organic matter to soils. Australia has a population of 
approximately 25 million people (ABS, 2018) and produces 327,000 dry tonnes of 
biosolids annually (2016 - 2017) (ANZBP, 2017). Which means each Australian is 
responsible for producing approximately 13 kg dry biosolids annually. States with 
higher populations, e.g. Victoria and NSW, generate the largest amount of biosolids 
(Figure 1.1). Australian population is predicted to reach 39.5 million by 2050 
(Buckmaster, 2010), and as a result of this increase, a greater production of biosolids 
is expected. Thus, there is an urgent need to establish mechanisms and processes for 
disposal of biosolids economically and sustainably.  
 
Figure 1.1: Percentage of biosolids produced in each state and territory during 
(2016-2017) (reproduced from ANZBP, 2017). 
 
Most Australian water authorities have two management options disposal of biosolids 
or beneficial reuse of biosolids. Disposal methods include mainly landfilling but also 
include disposal into the ocean, incineration and co-incineration (Roy et al., 2011). In 
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Australia, landfilling and ocean disposal make up only 3 % of the total end-use (Figure 
1.2). The small percentages of biosolids disposed to landfills are due to limited landfill 
space and higher cost associated with landfill disposal. The increase in potential 
secondary pollution in the leachate and the emission of methane, a potent greenhouse 
gas, are the factors limiting landfill disposal as an option (Wang et al., 2008). 
Moreover, disposal into ocean is being phased out by most of the state governments 
due to problems with nutrients and heavy metals in the biosolids which damage 
marine ecosystems. Beneficial use tends to be the preferred method as a long-term 
management strategy. The primary beneficial use management practice in Australia is 
land application (Figure 1.2). This is due to Australia having ample agricultural lands, 
and biosolids contain both essential macro and micronutrients that are beneficial for 
plant growth (Darvodelsky, 2012, Wang et al., 2008) (Figure 1.2). There are studies 
that have been carried out by Melbourne Water to investigate alternatives to land 
application mainly using biosolids in building materials such as bricks (Ukwatta et al., 
2016) and as a filler material in concrete mixes (Campisano, 2011). However, none of 
these studies has resulted in biosolids-composite building materials being 
manufactured on a large scale due to cost and feasibility issues. In the future, with the 
advancement of technology improves and urbanisation around treatment plants 
increases resulting in higher cost of transportation to farms and therefore, alternatives 
to the land application may become a more viable option. The water industry has 
determined that land application of biosolids is currently the most economical and 
beneficial way of using biosolids products (Darvodelsky, 2012).   
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Figure 1.2: Biosolids end use in Australia (2016-2017) (reproduced from 
ANZBP, 2017). 
1.2.1 Biosolids production and guidelines requirement  
Although the land application of biosolids is permitted in Australia, biosolids must 
meet specific environmental (contaminant and pathogenic) criteria specified under 
the biosolids management guidelines stipulated by relevant federal/national and state 
authorities of Australia. Currently, ACT and NT follows the national biosolids 
management guidelines while the other states imposed their own versions of 
guidelines (Table 1.1). For biosolids to be land applied in Australia, they must first 
meet treatment grade (e.g. T1, T2, T3, P1, P2 & P3 etc.) and contaminant grade criteria 
(e.g. C1, C2, C3, A, B and C etc.) (Table 1.2– 1.4) in the state where they are produced. 
Treatment grade is a classification based on treatment level, pathogen and vector 
reduction. In contrast, contaminant grade is a classification based on the contaminant 
level in the biosolids.  In Victoria, for example, the highest treatment grade is T1, and 
the lowest contaminant grade for biosolids is C1. Biosolids products that achieve T1 C1 
grade can be used for land application without any restrictions. However, the majority 
of the biosolids produced in Victoria are T1C2 grade. As a result, these biosolids have 
restrictions and must not exceed the receiving soil contaminant limit (RSCL) values in 
the Victorian guidelines when applied to land. Biosolids with T2 and T3 have a 
withholding period before livestock can be let on the site after land application and 
restriction on the type of crop can be used. Biosolids that have metal levels or organic 
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pollutant levels higher than C2 must be landfilled or composted with other material to 
dilute contaminants to a lower level. Once biosolids are composted, the composted 
products are not considered to be biosolids and are considered as a compost material 
and must meet Vic EPA (2017) composting guidelines requirements.  
The contaminant levels in biosolids are mainly dependent on the catchment 
(QLDWater, 2017). Sewage treatment plants situated in heavy industrial areas tend to 
have a higher level of contaminants compared to catchments in residential areas. To 
ensure the highest quality of recycled water and biosolids produced, water 
corporations in Victoria have trade waste agreements with industries to limit the level 
of contaminants that enter into sewers and treatment plant (Vic EPA, 2002). The trade 
waste agreements also ensure that the waste entering the sewers do not damage the 
sewer and treatment plant infrastructure and affect the treatment process negatively. 
Table 1.1: List of states and territory in Australia and the respective guidelines 
for bioslids management.     
State/territory  Guidelines  
Victoria (Vic)  Vic EPA (2004) 
New South Wales (NSW) NSW EPA (1997) 
Queensland (QLD) DEHP (2016) 
Western Australia (WA) DEC (2010), DEP (2002) 
South Australia (SA) SA EPA (1997), SA EPA 
(2009) 
Tasmania (TAS) Dettrick and McPhee (1999) 
Australian Capital Territory (ACT) and Northern 
Territory (NT) 
NWQMS (2004) 
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Table 1.2: Contaminant grade and metal concentration in biosolids required to 
meet set contaminant grade.  
State Grade 
Metal (mg/kg dry weight) 
Arsenic Cadmium Chromium Copper lead Mercury Nickel Selenium Zinc 
Vic 
C1 20 1 400 (Cr(III)) 100 300 1 60 3 200 
C2 60 10 3000(Cr(III)) 2000 500 5 270 50 2500 
NSW 
A 20 3 100 100 150 1 60 5 200 
B 20 5 250 375 150 4 125 8 700 
C 20 20 500 2000 420 15 270 50 2500 
D 30 32 600 2000 500 19 300 90 3500 
QLD 
A 20 3 100 100 150 1 60 5 200 
B 20 5 250 375 150 4 125 8 700 
C 20 20 500 2000 420 15 270 50 2500 
WA 
C1 20 3 100 100 150 1 60 5 200 
C2 20 20 500 2000 420 15 270 50 2500 
C3 > C2 
WA 
(Draft) 
C1 
N/A 
1 1(Cr(IV)) 100 
N/A 
200 
C2 20 1 (Cr(IV)) 2500 2500 
C3 > C2 > C2 > C2 > C2 
SA 
A 20 3 
N/A 
200 200 1 60 
N/A 
250 
B 20 11 750 300 9 145 1400 
C > B > B > B > B > B > B > B 
SA 
(Draft) 
A 
N/A 
1 1 (Cr(IV)) 100 
N/A 
200 
B 11 1(Cr(IV)) 750 1400 
C 20 1 (Cr(IV)) 2500 2500 
TAS 
A 20 3 
100 
(Cr(IV)=100, 
Cr(III)=400) 
100 150 1 60 5 200 
B 20 20 
500(Cr(IV)=100, 
Cr(III)=3000) 
2000 420 15 270 50 2500 
ACT 
and NT 
(nation
al) 
C1 20 1 
100-400 
(Cr(III)) 
100-
200 
150-
300 
1 60 3 
200-
250 
C2 60 10 3000 2000 500 5 270 50 2500 
N/A-not applicable (not mentioned in the guidelines) 
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Table 1.3: Contaminant grade and organic pollutant concentration in biosolids required to meet set contaminant grade. 
State Grade 
Organic pollutants  (mg/kg dry weight) 
DDT & 
derivatives 
Aldrin Dieldrin Chlordane Heptaclor HCB Lindane BHC PCBs 
Total organic 
Fluorine 
Organochloride 
pesticides 
Vic 
C1 0.5 
N/A 
0.2 
N/A 
0.05 
C2 1 1 0.5 
NSW 
A 0.5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.3 
N/A 
B 0.5 0.2 0.2 0.2 0.2 0.2 0.2 0.02 0.3 
C 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 
D 1 1 1 1 1 1 1 1 1 
QLD 
A 0.5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 <0.2 (LLD) 
0.39 N/A B 0.5 0.2 0.2 0.2 0.2 0.2 0.2 0.02 0.3 
C 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 
WA 
C1 0.5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.3 
N/A C2 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 
C3 > C2 > C2 
WA (Draft 
Guidelines) 
C1 
N/A 
0.02 0.02 
N/A C2 0.5 0.5 
C3 > C2 > C2 
SA 
A 
N/A B 
C 
SA (Draft) 
A 
N/A 
0.02 0.02 
N/A B 0.2 0.2 
C 0.5 0.5 
TAS 
A 0.5 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.3 
N/A 
B 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 
ACT and NT 
(national) 
C1 0.5 
N/A 
0.2 
N/A 
0.05 
C2 1 1 0.5 
DDT- Dichlorodiphenyltrichloroethane, HBC- Hexachlorobenzene, BHC-Benzene hexachloride, PCBs-polychlorinated biphenyl, ND-
not detected, N/A-not applicable (not mentioned in the guidelines) and LLD-lowest level detected  
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Table 1.4: Treatment grade criteria for biosolids in all Australian states and territories.  
State Grade 
Salmonella (dry 
Weight) 
E. colie (dry 
weight)  
Enteric 
virus (dry 
weight)  
Helminth ova (dry weight) 
Thermo tolerant 
Faecal coliforms (dry 
weight) 
Cryptosporidium and 
Giardia. (dry weight) 
Listeria 
sp.(dry 
weight)  
VIC 
T1 < 1 /50g  <100 MPN/g  ≤1  PFU/100g  N/A 
N/A T2 <10 / 50g <1000 MPN/g  < 2  PFU/10g < 1 Taenia ova/ 10g  
T3 1 log reduction 
 <2,000,000 
MPN/g  
1 log reduction N/A 
NSW 
A ND / 50 grams  <100 MPN/g  < 1 PFU/4g  < 1( Ascaris sp. and Taenia sp)/ 4 g  <1,000 MPN/gram  N/A 
B Have been stabilised but don’t meet Grade A requirements   
C Not meeting any Grade A and B requirements   
QLD 
A ND / 50 g <100 MPN/g  <1PFU/4 g  <1/4 grams  <1000 MPN/gram  N/A 
B Have been stabilised but don’t meet Grade A requirements   
C Not meeting any Grade A and B requirements   
WA ( Current 
& Draft 
Guidelines) 
P1 < 1 /50g  
N/A 
<100 counts/g  
N/A 
P2 <10 / 50g <1000 counts/g 
P3 
N/A 
<2,000,000 counts/g 
P4 >2,000,000 counts/g 
SA 
A < 1 /50g    <1  PFU/50g  <1/50 g   <1 (cyst or oocyst) per 50 g   
B Does not meet Stabilisation grade A requirements  but has been stabilised  
SA (Draft 
Guidelines) 
A < 1 /50g  <100 /g  < 1 PFU/50g  <1/50 g 
N/A 
B N/A <1000 /g  N/A 
TAS 
A ND/100g <100 MPN/g  < 1 PFU/4g  < 1( Ascaris sp. and Taenia sp)/ 4 g  N/A ND/100g 
B Does not meet Stabilisation grade A requirements  but has been stabilised 
C No stabilisation 
ACT and NT 
P1 < 1 /50g  <100 MPN/g  
N/A P2 <10 / 50g <1000 MPN/g  
P3 N/A 
 <2,000,000 
MPN/g  
P4 Any stabilisation process not meeting the P3 and greater microbiological criteria  
ND-not detected, N/A-not applicable (not mentioned in the guidelines), MPN- most probable number, and PFU- plaque-forming unit  
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1.2.1.1 Biosolids production and treatment in Victoria for land application 
In Victoria, there are 17 water corporations spread throughout the state (Figure 1.3 
and Figure 1.4 ). A survey of these 17 companies showed that they produce a variety of 
biosolids products (T1C1 - T3C2) based on the guidelines (Table 1.5). The contaminant 
grade as mentioned earlier is mainly dependent on the catchment since metals are 
unchanged during the treatment process and most of the metals from sewage ended 
up in the sludge and then in the biosolids. In contrast, the treatment grade is based on 
the level of treatment required to convert sludge material to biosolids product are safe 
enough to be land applied. 
 
 
 
 
 
<Image removed due to copyright restrictions> 
 
 
 
 
 
 
 
Figure 1.3: Map of the regional water corporations of Victoria (Inc, 2015a). 
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<Image removed due to copyright restrictions> 
 
 
 
 
 
 
Figure 1.4: Map of water corporations management area in the melbourne 
metropolitan area (Inc, 2015b). 
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Table 1.5: Seventeen Water corporations of Victoria and the products they 
produce. 
Water 
Corporations 
Victorian Biosolids Products 
T1C11 T1C21 T2C11 T2C21 
T3C1
1 
T3C21 
Westernport 
Water 
 
> 3 year 
Stockpiled 
Biosolids 
    
Barwon Water TDP*  
   
< 3 year 
Stockpiled 
Biosolids 
Western Water Composted   
   
North East 
Water 
 
 
 
< 3 year 
Stockpiled 
Biosolids 
 
 
Central 
Highlands 
Water 
Composted  
> 3 year 
Stockpiled 
Biosolids 
   
< 3 year 
Stockpiled 
Biosolids 
TDP* 
South East 
Water 
    
City West Water Composted   
   
 
Coliban Water 
 
> 3 year 
Stockpiled 
Biosolids 
   
 
Wannon Water 
    
 
East Gippsland 
Water 
 
 
   
< 3 year 
Stockpiled 
Biosolids 
Melbourne 
Water 
 
> 3 year 
Stockpiled 
Biosolids 
    
Gippsland 
Water 
Composted  
    
Goulburn 
Valley Water 
 
> 3 year 
Stockpiled 
Biosolids  
    
Yarra Valley 
Water 
     
GWM Water 
     
Lower Murray 
Water 
  
< 3 year 
Stockpiled 
Biosolids 
  
South 
Gippsland 
Water 
     
*Thermally Dried and Pelletised Biosolids, 1Treatment grade (T) and Contaminant grade (C) based on 
the Victorian EPA guidelines (Vic EPA, 2004) 
In Victoria, the majority of water corporations produce a T1 product to ensure minimal 
risk to human health (Table 1.5). To produce a T1 biosolids product, raw sewage is 
treated to produce recycled water and sludge material (Figure 1.5). The first step in 
biosolids production involves sludge material from the treatment process being 
digested to reduce volatile solids. There are two types of digestion methods used; 
aerobic and anaerobic digestion (Figure 1.6). The digested material is then stored 
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temporarily in a storage tank or lagoon (in some cases). The sludge material is then 
dewatered either by sludge lagoons or sludge pans before belt pressing or centrifuging 
to obtain a product of approximately 20% solid. After the sludge is dewatered the 
sludge material is stabilised to produce a biosolids product. There are several methods 
of stabilisation with the main ones being stockpiling for greater than 3 years, solar 
drying followed by stockpiling for 3 years, composting and windrowing. The 
stabilisation process produces a dry biosolids product that has had sufficient pathogen 
reduction to produce a T1 biosolids product based on the Victorian biosolids 
guidelines. 
 
Figure 1.5: The image above is a schematic diagram of typical primary and 
secondary sewage treatment. 
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Figure 1.6: Biosolids production flow diagram.   
 
The South East Water (SEW) Boneo Treatment plant is as an example of a typical 
regional Victorian wastewater treatment facility.  The plant has 10 ML/ day inflow 
capacity and has recently been upgraded to a 15 ML/day capacity. It is located to the 
south-east of Melbourne in the SEW sewage catchment management area (Figure 1.7). 
Figure 1.8 shows the layout of the treatment plant and the major structures used in the 
treatment of water and biosolids. Boneo, Waste Activated Sludge (WAS) from the 
clarifier is treated by two distinctly different processes to generate two types of 
biosolids (Figure 1.8).  
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<Image removed due to copyright restrictions> 
 
 
 
 
 
 
Figure 1.7: Map of SEW treatment plants (South East Water, 2017). 
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Figure 1.8: Left - a satellite image of Boneo treatment plant showing the key 
structure and areas and right – a flow chart of biosolids production in Boneo 
treatment plant (Courtesy of Aravind Surapaneni from SEW). 
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The first process is the transfer of the sludge from the sludge lagoon into clay drying 
pans (Figure 1.9 ). To obtain a dry material, SEW uses a boom towed by a tractor as 
well as swamp dozer to mix the drying sludge crust into the bulk of the sludge in clay-
lined drying pans (Crosher, 2008). These two separate operations (booming and 
swamp dozing) not only enable rapid sludge drying in the summer months but also 
inadvertently result in the simultaneous removal of clay from the drying pan liner.  
 
Figure 1.9: Clay drying pan. 
The second process, the sludge from the lagoon is dosed with a polymer that causes 
the sludge to flocculate. The sludge and the water are separated by a belt press to 
produce a greater than 12 % solid cake. The cake from the belt press is then transferred 
to the solar drier where it is further dried to produce a biosolids product > 40 % solids.  
 
Figure 1.10: Left-belt press depositing cake sludge on a conveyor belt and right- 
the cake sludge being solar-dried to produce a gravel-like biosolids product 
(Courtesy of Barry Meehan from RMIT University).  
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Biosolids from both processes are stockpiled for 3 years which results in a T1C2 
product (Figure 1.11). The major difference of the end products of these two processes 
is the clay content. The biosolids that are dried in the clay drying pans produce higher 
clay due to the inadvertent addition of clay from the drying pan. In comparison, solar 
dried biosolids tend to have less clay due to minimal clay contamination during the 
drying and stabilisation process. This clay originates from the sewage coming into the 
treatment plant and from the unavoidable contamination of soil from the surrounding 
environment.  
 
Figure 1.11: Image of a biosolids stockpile. 
1.3 Biosolids classification in Australia  
In Australia, the water industry mostly classifies biosolids based on the treatment 
grade and the contaminant grade (Table 1.2- 1.4). In Victoria, water corporations use 
T (e.g.T1, T2 & T3) and C (e.g. C1 & C2) to classify the biosolids (Table 1.5). It is also 
common in the industry to classify biosolids based on the stabilisation process.  In the 
most commonly used stabilisation processes, biosolids are thermally dried, 
composted, solar dried, and stockpiled. In the literature, it is common to describe or 
classify biosolids based on the digestion, dewatering and stabilisation processes or 
combination of these processes (Table 1.6). It is also common in the literature to 
classify or describe biosolids as just biosolids or sewage sludge without any further 
description (Barbarick et al., 1997, Gilmour et al., 1996a, Han and Thompson, 1999, 
Kukier et al., 2010, McGrath and Cunliffe, 1985). Labelling biosolids as sewage sludge 
or biosolids without any description is misleading because of the diverse range of 
treatment processes which produces a range of biosolids products (Table 1.6). Also 
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classifying biosolids based on the treatment process, treatment grade and 
contaminant grade does not describe the major characteristics of biosolids. Further, 
from both industrial and research point of view, it is important to have a consistent 
terminology to describe and classify biosolids. A consistent classification system is 
needed, so that biosolids managers and biosolids researchers can determine which 
studies have the most relevant information for biosolids management strategies and 
future research.       
Also, it is evident that different terms were used interchangeably and as alternatives 
to the word ‘biosolids’; the most common term being used are sewage sludge and 
sludge (Table 1.7).  Inconsistent and in some cases the incorrect use of the term 
“biosolids” may result in the negative public perception of biosolids. The Australian 
definitions of biosolids is ‘sewage sludge that has been treated to reduce or eliminate 
health risks and improve beneficial characteristics. Biosolids are nutrient-rich and 
may have a range of beneficial uses in agriculture and other applications’ (ANZBP, 
2018). According to the ANZBP (2018) definition, treating sewage sludge to an 
unspecified level would result in sewage sludge being classified as biosolids. The 
problem is, what level of treatment for sludge would be considered as biosolids? For 
this study, any sludge material that has completed the dewatering stage will be 
classified as biosolids. 
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Table 1.6: Literature that classifies or describes biosolids based on a 
treatment process.  
Biosolids treatment 
processes 
Process method   Description words 
associated with the 
process  
References   
Untreated sludge  none Undigested biosolids 
 
(Maguire et al., 2000, 
Wang et al., 2008) 
Digestion  Anaerobic digestion 
(Thermophilically 
digested, and 
Mesophilically 
digested) 
 
Liquid slurry 
Fresh biosolids 
Liquid biosolids  
(Cogger et al., 2001, 
Cogger et al., 2004, 
Hseu, 2006, Illera et 
al., 2000, Jaynes and 
Zartman, 2005, Sun et 
al., 2006, Sukkariyah 
et al., 2005, Torrecillas 
et al., 2013) 
Aerobic   digestion Liquid slurry 
Liquid biosolids 
(Chen et al., 2011, 
Cogger et al., 2004, 
Wang et al., 2008) 
Dewatering process Belt Press (Belt filter) Belt thickened 
Pressed sludge cake 
 
(Bhogal et al., 2003, 
Esteller et al., 2009, 
Mantovi et al., 2005, 
Moffett et al., 2003) 
 
Centrifuge   (Egiarte et al., 2008, 
Tian et al., 2009) 
Lagoon  (Cogger et al., 2004, 
Tian et al., 2009, Zhai 
et al., 2014) 
Drying bed/pan  Air-dried biosolids  (Donner et al., 2011, 
Cogger et al., 2004) 
Stabilisation and 
pathogen reduction 
process 
Thermally dried  Heat-dried biosolids  (Cogger et al., 2004, 
Fernández et al., 2007, 
Smith and Durham, 
2002) 
Solar dried   (Shanahan et al., 2010) 
Stockpiled 
 
Air-dried biosolids (Ukwatta et al., 2016) 
Windrowed 
 
 (Bai et al., 2010) 
Composted Co-composted biosolids  
bio compost 
biosolids compost 
(Amir et al., 2010, 
Gove et al., 2001, Bai et 
al., 2010) 
Vermicomposting  (Quintern and Morley, 
2017) 
Lime-stabilisation Lime-amended 
biosolids 
(Greenhalgh1 et al., 
2009, Penn and Sims, 
2002, Pritchard et al., 
2010) 
Bio-char   (Bhatta Kaudal et al., 
2018, Gonzaga et al., 
2017, Yang et al., 2018) 
Concrete or cement 
Stabilisation   
 (Gowda et al., 2008, 
Malliou et al., 2007) 
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Table 1.7: Terms associated with the word biosolids.  
Term Synonyms Example words used 
to describe biosolids 
References 
Biosolids Sewage sludge 
Municipal sewage 
sludge 
Sludge 
 
Undigested 
Fresh 
Aged 
Liquid 
Clay-rich 
Clay contaminated 
Lime-amended 
 
(Donner et al., 
2011, Gilmour et 
al., 1996a, 
Goonewardena et 
al., 2012b, Jaynes 
and Zartman, 
2005, Tian et al., 
2009) 
1.4 Biosolids characteristics and receiving soils  
In the biosolids industry there is a greater focus on the treatment of biosolids, 
contaminants (heavy metals and organic pollutants) in biosolids and receiving soils, 
odour created by the biosolids and nutrients in both biosolids and receiving soils. 
These factors are essential for successful biosolids management but fail to consider the 
biosolids product characteristics as a whole. It is important for biosolids managers to 
fully understand the biosolids products produced and how it may affect the receiving 
soil. As already discussed in the previous section it was found that most researchers 
and water managers describe and characterise biosolids products based on the 
treatment. Therefore, there is a belief that the treatment may affect the quality of 
biosolids produced. So, what are the major characteristics of biosolids and how does 
the treatment and production of biosolids affect these characteristics? These are some 
of the questions investigated in this study.    
In the water industry, there is a significant focus on the EPA contaminants which only 
make up approximately 0.2 % of the biosolids. The major elements in dry biosolids are 
silicon (Si), carbon (C) and aluminium (Al) accounting for approximately 44 % of the 
total with some minor elements contributing another 11 % (Figure 1.12). The 
remaining 45 % is mostly oxygen as most of the elements in the biosolids are present 
in oxide form (Takeda et al., 2004, Ukwatta et al., 2016). The major elements in 
biosolids contain most of the elements present in abundance in the earth crust and are 
also the major elements in a typical soil (Korotev, 1999, Takeda et al., 2004). These 
elements enter the biosolids from several pathways from household and industrial 
waste, infiltration into the sewers, and contamination from the environment around 
65 
 
65 | P a g e  
 
the treatment plant during the sewage and biosolids treatment process, and in the case 
of clay as mentioned previously during the biosolids drying process.  
 
Figure 1.12: Major elemental composition of typical clay-rich biosolids 
(Melbourne Water unpublished data). 
1.4.1 Mineral component 
The presence of mineral component (i.e. clay silt and sand) in biosolids and sewage 
sludge has been well known and can vary significantly in different biosolids and 
sewage sludge samples (Table 1.8). Biosolids contain significant amounts of 
aluminium and silicon because they are present in the biosolids as aluminium silicates. 
Biosolids like soils have organic matter and mineral components. Studies researching 
the effects of particle size distribution on organic carbon (OC) have documented that 
most of the stable OC in the soil is associated with the clay + silt fraction (Bronick and 
Lal, 2005, Guibert et al., 1999, Kou et al., 2012). The explanation given was that OC in 
soil formed primary organo-mineral complexes and macro and micro-aggregates 
which stabilised OC. As a result of these processes, OC bound in the clay + silt fraction 
is protected from chemical and biological degradation and therefore more stable in 
soil (Golchin et al., 1995, Six et al., 2002). In principle, this stabilisation process is also 
applies to biosolids which contain both clay and OC (Goonewardena et al., 2012a, 
Goonewardena et al., 2012b). The addition of clay and OC in biosolids to soils could 
Chlorine
0.1%
Sodium
0.2% Sulphur
0.3%
Potassium
0.4%
Titanium
0.5%
Magnesium
0.6%
Calcium
1.3%
Nitrogen
1.3%
Hydrogen
1.6%
Phosphorus
1.9%
Iron
2.5%
Aluminium
5.4%
Carbon 
13.3%
Silicon
25.2%
Others
45.3%
Minor Element (including 
EPA heavy metals) 
0.2%
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significantly enhance the formation of primary organo-mineral complexes and macro 
and micro-aggregates resulting in greater storage of SOC. However, more work is 
essential to determine whether the application of clay and C in biosolids leads to 
increased C storage.     
Table 1.8: Clay, silt and sand component of biosolids based on literature 
values.   
Biosolids 
description 
Clay (<2 µm) 
(%) 
Silt (2-20 
µm) (%) 
Sand (20-
2000 µm) (%) 
Reference  
Clay 
contaminated 
biosolids 
 
10 30 57 (Goonewardena 
et al., 2012b) 
Clay 
contaminated 
biosolids 
 
4 35 58 (Goonewardena 
et al., 2012a) 
ETP Biosolids 0.14 12 88 (Ukwatta et al., 
2016) 
 
WTP Biosolids 1 9.6 76 (Ukwatta and 
Mohajerani, 
2016) 
 
Co-compost 
(sewage sludge 
and green 
waste) 
 
32 48 19 (Pérez-Lomas et 
al., 2010) 
Fresh Biosolids  
(Anaerobically 
digested sludge)  
37 59 4 (Jaynes and 
Zartman, 2005) 30 59 12 
28 66 6 
28 52 21 
26 67 7 
 
1.4.2 Major elements in biosolids and sewage sludge products  
Si and Al in biosolids mainly originate from clay. Further, based on literature values 
and an initial survey of biosolids, these two elements were found to vary significantly 
in both biosolids and sewage sludge products (Table 1.9). Also, due to the varying and 
inconsistent descriptions of biosolids, it was difficult to see any trends and patterns in 
the literature values. Al in the form of alum (XAl₂(SO4)·12H₂O) was also found to be 
used in some cases as a flocculent during the sewage treatment process along with Fe 
(Singh et al., 2017). Both Al and Fe are found in biosolids in significant amounts and 
have been shown to stabilise OC (Torri et al., 2014). In a biosolids study by Bolan et al. 
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(2013), it was found that there was a decrease in decomposition rate of OC with an 
increase in total Fe and Al content. The explanation for this finding is Al, and Fe 
cations form complexes with OM and protect OC from mineralisation. In another 
study investigating the stabilisation mechanism soil organic matter (SOM), it was 
proposed, that Al and Fe oxides can flocculate OC reducing the surface area and 
protecting the OC from mineralisation (Six et al., 2002). In a similar study, Golchin et 
al. (1995) proposed, that Fe and Al hydrogen oxides can increase the stability of 
aggregates and consequently protect OC. Most studies have not agreed on the exact 
mechanism, but it is well documented that higher Al, and Fe increases the stability of 
OC in the soil.  
1.4.2.1 Biosolids C - Its nature and analysis  
Carbon (C) is one of the major elements in biosolids and can vary greatly depending 
on the type of biosolids product and it source. Biosolids C contains around 6.3 – 37 % 
C (Table 1.10). C in biosolids products are generally of organic origin. However, some 
biosolids may contain negligible levels of carbonates (mineral C) except for lime-
amended biosolids products which could contain significant levels of carbonates due 
to lime addition. The OC in biosolids is part of the OM component which also includes 
(O, H and N). Like soils, biosolids have both an OM component and inorganic mineral 
component. The OM component can make up 35 – 65 % of biosolids dry product and 
is made of multiple C fractions and C pools (Table 1.10). There is some confusion in 
the literature between the terms’ fractions and pools. The term “fractions” is used for 
the different types of organic matter analysed e.g. using chemical and spectroscopic 
methods, while the term “pools” is a collective term used to model soil and biosolids 
decomposition kinetics (refer chapter 4).  
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Table 1.9: Biosolids and sludge product descriptions and major elements 
based on literature values and a survey of Australian water corporations.  
Products description  Al (%) Ca (%) Fe (%) Mg (%) Mn (%) Na (%) Si (%) Ti (%) References   
Anaerobic municipal 
sewage sludge (2001) 
    
0.1 
   
(Egiarte et al., 
2008) 
Anaerobic municipal 
sewage sludge (2002) 
    
1.33 
   
Biosolids Air -dried  1.22 
 
2.76 
     
(Tian et al., 2009) 
  Biosolids dewatered  0.88 
 
3.21 
     
Biosolids liquid 1.31 
 
4.43 
     
Compost Biosolids 
(1:3:1)( 1 part green 
wastes, 3 parts pine barks  
and 1 part sewage 
sludge)(9 months) 
1.1x105 0.04 1.125 0.004 
    
(Watteau and 
Villemin, 2011) 
Fresh Biosolids 
(Anaerobically digested 
sludge) (1992-1999) 
5.4 3.98 11.15 1.5 0.264 
 
19.5 0.968  (Jaynes and 
Zartman, 2005)  
Fresh biosolids (mixed 
primary sludge and 
W.A.S.), anaerobically 
digested, mechanically 
dewatered 
3.7 
 
4.1 
     
(Donner et al., 
2011)  
Fresh biosolids (mixed 
primary sludge and 
W.A.S.), anaerobically 
digested, mechanically 
dewatered 
5.1 
 
1.8 
     
Fresh biosolids (mixed 
primary sludge and 
W.A.S.), mechanically 
dewatered 
1 
 
1.3 
     
Sewage sludge  1.4x105 0.02 0.995 0.004 
    
(Watteau and 
Villemin, 2011) 
Sewage sludge 1 5.73 9.89 5.1 1.35 0.1 0.6 
 
0.4 (Kim et al., 2012)  
Sewage sludge 2 2.11 1.94 1.15 0.46 0.03 0.09 
 
0.0097 
Sewage sludge 3 1.76 1.9 1.8 0.8 0.05 0.1 
 
0.732 
Sludge Cakes (Average 
values 1994-1997) 
0.85 
 
1.4 
 
0.0436 
   
(Gibbs et al., 
2006) 
Stockpiled (composting) 
biosolids. This is an aged 
sample from the same 
treatment (i.e., mixed 
primary and waste 
activated sludge, 
anaerobically digested, 
and centrifuged before 
composting) 
6.8 
 
3.1 
     
(Donner et al., 
2011) 
  
Stockpiled biosolids from 
secondary treatment 
process (dewatered mixed 
primary and secondary 
sludge) 
0.9 
 
0.9 
     
Stockpiled drying bed 
biosolids from extended 
aerobic and anaerobic 
lagoon system 
4.2 
 
3.3 
     
Vic  Stockpiled Biosolids -
Carrum Downs 
5.35 1.25 2.46 0.63 0.0134 0.19 25.2 0.45 Melbourne 
water(unpublishe
d data)   Vic  Stockpiled biosolids -
Werribee  
4.63 1.61 2.05 
 
0.4 0.37 17.2 0.65 
Vic Stockpiled Biosolids -
Camperdown 
    
0.07 
   
Wannon Water 
(unpublished 
data) 
Vic Stockpiled Biosolids -
Leongatha(2012) 
 
0.27 
 
0.2 
 
0.11475 
  
South Gippsland 
Water 
(unpublished 
data) 
Vic Stockpiled Biosolids-
Carrum Downs  
9.4 1.75 4.6 0.96 
  
27.8 1.31 (Ukwatta et al., 
2016)  
WA Biosolids cake- 
Woodman Point  (2002-
2007) 
0.48 1.9 0.41 0.54 
    
Water 
Corporation 
(unpublished 
data)  WA Biosolids cake- 
Woodman Point (2008-
2012) 
0.7 
       
WA Biosolids cake-
Beenyup (2002-2007) 
0.45 2.6 0.58 0.43 
    
WA Biosolids cake-
Beenyup  (2008-2012) 
0.79 
       
WA Lime-amended 
biosolids-Subiaco  (2002-
2007) 
0.24 16.6 0.38 0.93 
    
WA Lime-amended 
biosolids-Subiaco  (2008-
2012) 
0.31 
       
Average (biosolids) 2.5 3.4 2.6 0.6 0.2 0.2 22.4 0.6   
  Range 9.4- 
1.1×105 
16-0.02 11-0.38 1.5-
0.004 
1.33-
0.013 
0.6-0.09 28-17 1.3-0.01 
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Table 1.10: C concentrations and OM concentrations of typical biosolids 
products. 
Biosolids description C (%) OC (%) OM (%) References 
Anaerobic municipal sewage sludge (2001)   20.5   (Egiarte et al., 2008) 
Annacis biosolids Island thermophilic (55–57 
C) and anaerobic (sludge) 33.8   63.5 
(Rowell et al., 2001)  
Biosolids Air -dried  19.2     (Tian et al., 2009) 
Biosolids dewatered  14.5     
Biosolids Filter-pressed      57.6 (Cooke et al., 2000)  
Biosolids liquid 25.7     (Tian et al., 2009) 
Chilliwack biosolids  mesophilic anaerobic 
biosolids (sludge) 35.1   65 
(Rowell et al., 2001) 
Co-compost (sewage sludge and green waste)     35.3 (Pérez-Lomas et al., 2010) 
Compost made (1:3:1) 1 part municipal crushed 
green wastes, 3 parts pine barks as residues of 
the wood industry and 1 part sewage sludge. (9 
months)     46.1 
(Watteau and Villemin, 2011)  
fresh biosolids (mixed primary sludge and 
W.A.S.), anaerobically digested, mechanically 
dewatered 25     
(Donner et al., 2011) 
fresh biosolids (mixed primary sludge and 
W.A.S.), anaerobically digested, mechanically 
dewatered 29     
fresh biosolids (mixed primary sludge and 
waste activated sludge), mechanically 
dewatered 37     
Lionsgate biosolids were thermophilic, 
anaerobic (sludge) 33.8   62.2 
(Rowell et al., 2001) 
NSW Bondi STP dewatered cake 2003 28.7     (McLaughlin et al., 2010) 
NSW Malabar STP -LSB 2002 20.2     
QLD aerobic digested  dewatered biosolids 
Noosa 27.2     
QLD aerobic digested  dewatered biosolids 
Noosa   27.2   
(Pritchard et al., 2007) 
QLD anaerobic digested and dewatered 
biosolids luggage point  32.8     
(McLaughlin et al., 2010) 
QLD anaerobic digested and dewatered 
biosolids luggage point    32.8   
(Pritchard et al., 2007) 
SA Bolivar agitated air dried (AAD) 6.3     (McLaughlin et al., 2010) 
SA Bolivar dried lagoon (BDB) 8.6     
Sewage sludge      65.4 (Watteau and Villemin, 2011) 
Sludge Cakes (Average values 1994-1997)   32.62   (Gibbs et al., 2006) 
Stockpiled (composting) biosolids from the 
secondary treatment plant. This is an aged 
sample from the same treatment (i.e., mixed 
primary and waste activated sludge, 
anaerobically digested, and centrifuged before 
composting) 12     
(Donner et al., 2011) 
Stockpiled biosolids from secondary treatment 
process (dewatered mixed primary and 
secondary sludge) 36     
stockpiled drying bed biosolids from extended 
aerobic and anaerobic lagoon system 18     
Vic  Stockpiled Biosolids -Carrum Downs 13.33     Melbourne water(unpublished data)  
Vic  Stockpiled biosolids -Werribee  22.48 21.13   
Vic East Gippsland Water 10.6     (McLaughlin et al., 2010) 
Vic Gippsland Water 20.4     
Vic Goulburn Valley Water 6.5     
Vic North East Water 11.6     
Vic Stockpiled Biosolids -Leongatha(2012)   4.8   South Gippsland Water (unpublished data) 
WA anaerobic digested and dewatered biosolids 
Beenyup    34.7   
(Pritchard et al., 2007) 
WA anaerobic digested and dewatered biosolids 
Beenyup  (2005) 34.7     
(McLaughlin et al., 2010) 
WA anaerobic digested and dewatered biosolids 
Woodman Point    32.2   
(Pritchard et al., 2007) 
WA anaerobic digested and dewatered biosolids 
Woodman Point (2005) 32.2     
(McLaughlin et al., 2010) 
Whistler biosolids were autothermophilic and 
aerobic 31.8   60.6 
(Rowell et al., 2001) 
Average 23 26 57   
Range  6.3-37 4.8-35 35-65   
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The total organic carbon (TOC) fraction of soil can be divided further into 2 main 
fractions - (i) living OC and (ii) non-living OC (Baldock and Skjemstad, 1999). The 
living fractions of OC can be characterised as phytomass, microbial biomass and faunal 
biomass (Baldock and Skjemstad, 1999). The non-living OC is present in 4 fractions 
as, (i) dissolved OC, (ii) particulate OC, (iii) humus and (iv) inert OC (Baldock and 
Skjemstad, 1999). There are many extraction and fractionation methods developed to 
quantify these OC fractions. Biosolids like soils have many of the same C fractions 
which can be observed spectroscopically by comparing NMR spectra of soil and 
biosolids materials using Carbon-13 (13C) nuclear magnetic resonance (NMR) 
spectroscopy (Table 1.11). Also, similar observation can also be seen using the mid-
infrared (MID-IR) spectra (Table 1.12). 13C NMR shows the chemical environment in 
which the C nuclei are located while IR shows the bond types. Based on this two 
methods, it is clear that there are similar fractions of OC and OM present in both 
biosolids and soil (Table 1.11 and Table 1.12).  
Table 1.11: C13 NMR spectroscopy of soil and biosolids materials and 
fractions.  
Product Characteristic peaks 
(ppm) 
References 
Soil- Floating fraction 172, 105, 73 (Tinoco et al., 
2004) 
 
Soil-free organic matter 172, 105, 73, 21 
Soil-fulvic acid 172, 105, 73, 56, 33 
Soil-humic acid 172, 152, 135, 105, 73, 56, 
33 
Soil-water soluble 172, 135, 73, 56, 33 
Humic acid isolate 175, 151, 131, 73, 57, 33 (Fernández et 
al., 2008) 
 
Composted sewage 175, 154, 131, 73, 56, 32, 25 
Soil amended composted  sewage 
sludge 
175, 154, 131, 73, 57, 33, 25, 
71 
Thermally dried sewage sludge 175, 154, 131, 73, 57, 33, 25, 
23, 71 
Soil amended Thermally dried 
sewage sludge 
175, 154, 131, 73, 57, 33, 25, 
71 
Unamended natural soil 175, 150, 135, 103,72, 33 (Baldock et 
al., 1989) 
HA extracted Sewage sludge 171, 152, 128, 115, 102, 71, 
55, 29, 24 
(Adani and 
Tambone, 
2005) 
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Table 1.12: Major peaks in the IR for the waste products. 
Product Characteristic bands (cm-1) References 
Sludge- green waste 
 
3385, 2925, 1652, 1543, 1384, 1235, 1033 (Amir et al., 
2010) 
Humic Acid 
Extracts((a)Chalme
rs soil, (b)sludge 
amended soil, 
(c)sludge amended 
soil and (d)Chicago 
sludge) 
 
3400, 2928-7, 1718, 1610, 1230, 
1600(a)(b)(c) 1657(d) 
(Boyd et al., 
1980) 
Sewage sludge 
 
3300, 2925, 2854, 1655, 1539, 1456, 1236, 
1032 
(Li et al., 2011) 
HA extracted 
Sewage sludge 
3281, 2991, 1665, 1532, 1374, 1231 (Adani and 
Tambone, 
2005) 
 
Untreated soil 3281, 2991, 1665, 1532, 1374, 1231, 1038 
Sewage sludge 
Treated soil 
3281, 2991, 2852, 1665, 1532, 1445, 1374, 
1231 
 
In contrast to the C fractions which are chemically or spectroscopically measured, C 
pools are a collection of OC and OM materials that have similar reactivity. The pools 
are characterised according to the degradation kinetics in incubation experiments 
(Cheng and Kimble, 2001). Cheng and Kimble, (2001) stated there are 3 main pools in 
the soil described as: (i) the very fast active/labile pool (<10 years), (ii) the slow or 
intermediate pool (10 to 1000 years) and (iii) the passive pool (> 1000 years). Through 
a series of mineralisation studies undertaken by Gilmour et al. (1996b), sewage sludge 
was found to have two pools mainly: fast and slow (Gilmour and Gilmour, 1980, 
Gilmour et al., 1996a, Gilmour et al., 1996b). 
OM in biosolids is mostly measured by first measuring OC and then using a conversion 
factor similar to those used to convert soil OC to soil OM. These conversion factors 
typically range from 1.72 to 2.2 (Rayment and Lyons, 2010, Watteau and Villemin, 
2011). Another way of measuring OM is by measuring the loss of mass by ignition in a 
furnace (Carter and Gregorich, 2007, Rayment and Lyons, 2010, Rowell et al., 2001). 
For any C accounting methodology, the measurement of C (total and OC) in biosolids 
is crucial to the water industry to obtain reliable estimates. Total C in biosolids is 
mostly measured by LECO C (Dumas high-temperature combustion) which combusts 
the biosolids C at high temperature ~1200 ͦ C in a furnace with a high oxygen (O2) 
which converts all the biosolids C into CO2. The CO2 gas released in the furnace is then 
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measured by an infra- red detector which is then used to determine total C. This system 
is a very accurate way to determine total C, but it is expensive due to cost of the 
instrument, consumables and certified materials required to calibrate and run the 
instrument. OC in biosolids can also be analysed by the LECO C analyser but requires 
a pre-treatment with Sulphurous acid (H₂SO₃) to remove carbonates (CO3). Biosolids 
products in Victoria have negligible amounts of carbonate based on work described in 
chapter 2. The alternate method for determining OC is using the Walkley and Black 
dichromate oxidation method where dichromate is reduced to trivalent chromium (Cr 
3+) by the organic C in the biosolids (Carter and Gregorich, 2007, Rayment and Lyons, 
2010). The Walkley and Black (W&B) method is one of the most established methods 
for measuring OC but a significant problem with the method is that both hexavalent 
chromium (Cr 6+) and Cr 3+ are extremely toxic. In addition, the method also requires 
the use of concentrated sulphuric acid (H2SO4). Also, when analysing multiple 
samples, the W&B method results in the generation of large amounts of acidic waste 
with a high concentration of Cr 6+ and Cr 3+ which can be problematic for safe disposal. 
Both methods of measuring OC (LECO and W&B) are not feasible for measuring large 
amounts of samples quickly, economically and safely. Therefore, a possible alternative 
method for measuring a large number of biosolids samples quickly and effectively is 
using MID Infra-Red (MID-IR) combined with a statistical tool such as Partial Least 
Squares (PLS). MID-IR combined with PLS was also recommended methodology by 
Sanderman et al. (2011) for the measurement of C as part of the Australian National 
Soil C Research Programme. To analyse a large number of samples for this study and 
future biosolids C studies a methodology using MID-IR combined with IR was 
developed (chapter 3)  
1.4.2.2 Biosolids nutrients  
Biosolids contain significant amounts of essential nutrients (i.e. Nitrogen (N), 
Phosphorous (P), Potassium (K) and sulphur (S)) which are beneficial for plant 
growth. These nutrients are an integral part of biosolids and have been shown to vary 
greatly in different biosolids products (Table 1.13 - 1.15). The addition of biosolids has 
been shown to increase plant growth in biosolids-amended sites compared to non-
amended sites (Christie et al., 2001). This is mainly due to the addition of N and P 
which are essential elements in biomolecules found in plant cells. Other researchers 
studying fertilisers and organic amendments (e.g. manures and compost) found that 
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increases in nutrients (N, P & K) has significantly increased plant growth and SOC 
(Koga and Tsuji, 2009, Kukal et al., 2009, Purakayastha et al., 2008, Shrestha et al., 
2009, Su et al., 2006, Tong et al., 2009, Zhang et al., 2012). Increase in plant growth 
has been shown to increase C inputs into the soil from the addition of plant residues. 
Furthermore, if this plant residue C is stored in the soil, this will lead to increase in 
soil OC and result in soil carbon sequestration (SCS) (Gami et al., 2009, Jarecki and 
Lal, 2003, Kou et al., 2012, Koga and Tsuji, 2009, Suman et al., 2009). Therefore, 
biosolids with powerful fertiliser properties should have greater SCS potential once 
applied to the soil.      
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Table 1.13: Nitrogen values in biosolids and sewage sludge based on literature 
values and a survey of water corporations.   
Biosolids description  
N 
(%) 
TKN 
(%) 
NH4 
(mg/kg) 
NOx 
(mg/kg) 
NO3 
(mg/kg) 
NO2 
(mg/kg) References   
Anaerobic digested sewage sludge Average 
(1984-1993)  6.3 30387  100  
(Surampalli et al., 
2008) 
Anaerobic municipal sewage sludge (2001) 4.24      
(Egiarte et al., 2008) 
Annacis biosolids Island thermophilic (55–
57 C) and anaerobic (sludge) 4.07      
(Rowell et al., 2001) 
Biosolids Air -dried  1.38  3100    (Tian et al., 2009) 
Biosolids Belt-Press Year 2  4.95     (Esteller et al., 2009) 
Biosolids Belt-Press Year 1  4.26     (Esteller et al., 2009) 
Biosolids dewatered  1.17  2500    (Tian et al., 2009) 
Biosolids Dewatered  4.3  6400    (Cogger et al., 2001) 
Biosolids Filter-pressed  3.26  955  5.2  (Cooke et al., 2000) 
Biosolids Heat-Dried  4.5  3100    (Cogger et al., 2001) 
Biosolids liquid 2.87  20600    (Tian et al., 2009) 
Chilliwack biosolids mesophilic anaerobic 
biosolids (sludge) 3.14      
(Rowell et al., 2001) 
Co-compost (sewage sludge and green 
waste)  2.2 43  59.5  
(Pérez-Lomas et al., 
2010) 
Compost made (1:3:1) (1 part green waste, 3 
parts pine barks as and 1 part sewage sludge. 
(9 months) 1.44  69  1362  
(Watteau and 
Villemin, 2011) 
Composted Biosolids Year 2  6.83     (Esteller et al., 2009) 
Composted Biosolids Year 1  5.08     
Fresh biosolids (mixed primary sludge and 
W.A.S. sludge), anaerobically digested, 
mechanically dewatered 3.5      
(Donner et al., 2011) 
Fresh biosolids (mixed primary sludge and 
waste activated sludge), anaerobically 
digested, mechanically dewatered 4.4      
Fresh biosolids (mixed primary sludge and 
W.A.S. sludge), mechanically dewatered 6.6      
Lionsgate biosolids were thermophilic, 
anaerobic (sludge) 2.73      
(Rowell et al., 2001) 
NSW Bondi STP dewatered cake 2003 2.5  3560  357  (McLaughlin et al., 
2010)  NSW Malabar STP -LSB 2002 1.55  1480  104  
QLD aerobic digested dewatered biosolids 
Noosa 4.79  480  22  
QLD aerobic digested dewatered biosolids 
Noosa  4.79     
(Pritchard et al., 
2007) 
QLD anaerobic digested and dewatered 
biosolids luggage point  5.72  4660  3  
(McLaughlin et al., 
2010) 
QLD anaerobic digested and dewatered 
biosolids luggage point   5.72     
(Pritchard et al., 
2007) 
SA Bolivar agitated air dried (AAD) 0.77  28  1690  
(McLaughlin et al., 
2010) 
SA Bolivar dried lagoon (BDB) 0.98  49  1370  
(McLaughlin et al., 
2010) 
Sewage sludge  5.22  5290  ND  
(Watteau and 
Villemin, 2011) 
Sludge Cakes (Average values 1994-1997) 3.67  6100    
(Gibbs et al., 2006) 
Stockpiled (composting) biosolids. This is an 
aged sample from the same treatment (i.e., 
mixed primary and waste activated sludge, 
anaerobically digested, and centrifuged 
before composting) 1.5      
(Donner et al., 2011) 
Stockpiled biosolids from secondary 
treatment process (dewatered mixed 
primary and secondary sludge) 6.1      
Stockpiled drying bed biosolids from 
extended aerobic and anaerobic lagoon 
system 1.8      
TAS Activated plant, digested dewatered 
biosolids-Macquarie Point 4.3  4087 6   
Southern water 
(TAS) (unpublished 
data)  TAS Activated sludge; lime stabilised, 
dewatered biosolids-Rosny 4.2  1050 4   
TAS Hybrid BNR trickling filter limed 
stabilised, dewatered biosolids-Self's Point 4.5  1134 16   
TAS Activated Sludge Plant with digested, 
dewatered biosolids -Prince of Wales 4.7  1050 13   
Vic  Stockpiled Biosolids -Carrum Downs 1.3      Melbourne water 
(unpublished data) Vic  Stockpiled biosolids -Werribee  1.82 1.95 314    
Vic East Gippsland Water 1.25  82  2580  
(McLaughlin et al., 
2010)  
Vic Gippsland Water 2.85  3280  3910  
Vic Goulburn Valley Water 0.83  89  1420  
Vic North East Water 2.03  480  4010  
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Table 1.14: Nitrogen values in biosolids and sewage sludge based on literature 
values and a survey of water corporations (continued).   
Biosolids description  N (%) 
TKN 
(%) 
NH4 
(mg/kg) NOx 
NO3 
(mg/kg) 
NO2 
(mg/kg) References   
Vic Stockpiled Biosolids -Boneo (2009) 
 
1.05 1110 97.8 
  
South East Water 
(unpublished data) 
Vic Stockpiled Biosolids -Camperdown 2 1.9 3535 992 770 222 Wannon Water 
(unpublished data) 
Vic Stockpiled Biosolids –Leongatha (2012) 0.283 0.355 0.8 440.4 260 180.4 South Gippsland 
Water (unpublished 
data) 
Vic Stockpiled Biosolids -Pakenham (2009) 
 
0.72 694 212 
  
South East Water 
(unpublished data) 
Vic Stockpiled Biosolids -Somers (2009) 
 
0.98 1372 96.4 
  
WA anaerobic digested and dewatered 
biosolids Beenyup  
 
5.54 
    
(Pritchard et al., 2007) 
WA anaerobic digested and dewatered 
biosolids Beenyup (2005) 
5.54 
 
4480 
 
3 
 
(McLaughlin et al., 
2010) 
WA anaerobic digested and dewatered 
biosolids Woodman Point  
 
5.17 
    
(Pritchard et al., 2007) 
WA anaerobic digested and dewatered 
biosolids Woodman Point (2005) 
5.17 
 
4520 
 
4 
 
(McLaughlin et al., 
2010) 
WA Biosolids cake- Woodman point Cake 
(2002-2007) 
 
5.8 5916 5.72 4.63 1.09 Water corporation 
(unpublished data) 
WA Biosolids cake- Woodman point Cake 
(2008-2012) 
 
6.6 10643 115 30 85 
WA Biosolids cake-Beenyup Cake (2002-
2007) 
 
5.9 4352 9.57 8.3 1.27 
WA Biosolids cake-Beenyup Cake (2008-
2012) 
 
6.2 5883 184 82 102 
WA Lime-amended biosolids-Subiaco 
(2002-2007) 
 
2.7 661 13.4 8 5.4 
WA Lime-amended biosolids-Subiaco 
(2008-2012) 
 
3.6 1410 26.4 19 7.4 
Whistler biosolids were auto thermophilic 
and aerobic 
3.98 
     
(Rowell et al., 2001) 
Average 
3.2 4.0 3717 149 758 76 
  
Range  
0.28-
6.06 
0.36-
6.83 
0.80-
30387 
4-992 3.0-
4010.0 
1.1-222 
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Table 1.15: Nutrients (P, K and S) in biosolids and sewage sludge products.   
Biosolids description  P (%) 
Olsen-P 
(mg/kg) K (%) S (%) References   
anaerobic digested sewage sludge  Average (1984-1993) 1.8    (Surampalli et al., 2008) 
Anaerobic municipal sewage sludge (2001)  496   (Egiarte et al., 2008) 
Biosolids Belt-Press Year 2  8662   (Esteller et al., 2009) 
Biosolids Belt-Press Year 1  5192   
Biosolids Dewatered  3.39    (Cogger et al., 2001) 
Biosolids Filter-pressed  1.9    (Cooke et al., 2000) 
Biosolids Heat-Dried  1.6    (Cogger et al., 2001) 
Compost made (1:3:1) 1 part municipal crushed green wastes, 
3 parts pine barks as residues of the wood industry and 1 part 
sewage sludge. (9 months) 0.0059    
(Watteau and Villemin, 2011) 
Composted Biosolids Year 2  5053   (Esteller et al., 2009) 
Composted Biosolids Year 1  4945   
Fresh Biosolids (Anaerobically digested sludge) (1992-1999) 5.2    (Jaynes and Zartman, 2005) 
Fresh biosolids (mixed primary sludge and W.A.S.), 
anaerobically digested, mechanically dewatered 1.8   0.78 
(Donner et al., 2011) 
Fresh biosolids (mixed primary sludge and waste activated 
sludge), anaerobically digested, mechanically dewatered 3.6   1.09 
Fresh biosolids (mixed primary sludge and W.A.S.  sludge), 
mechanically dewatered 5.3   0.7 
QLD aerobic digested  dewatered biosolids Noosa 3.93 (avg)    (Pritchard et al., 2007)  
QLD anaerobic digested and dewatered biosolids luggage 
point  2.14(avg)    
Sewage sludge  0.018    (Watteau and Villemin, 2011) 
Sewage sludge 1 5.72    (Kim et al., 2012) 
Sewage sludge 2 1.45    
Sewage sludge 3 1.05    
Sludge Cakes (Average values 1994-1997) 1.78  0.186  (Gibbs et al., 2006) 
Stockpiled (composting) biosolids. This is an aged sample 
from the same treatment (i.e., mixed primary and waste 
activated sludge, anaerobically digested, and centrifuged 
before composting) 1.8   0.69 
(Donner et al., 2011) 
Stockpiled biosolids from secondary treatment process 
(dewatered mixed primary and secondary sludge) 2.1   1.44 
Stockpiled drying bed biosolids from extended aerobic and 
anaerobic lagoon system 0.8   0.76 
TAS  Activated plant, digested dewatered biosolids-
Macquarie Point 1.02  1.78  
Southern water (Tas) 
(unpublished data)  
TAS  Activated sludge; lime stabilised, dewatered biosolids-
Rosny 1.3    
TAS  Hybrid BNR trickling filter limed stabilised, dewatered 
biosolids-Self's Point 2.4    
TAS Activated Sludge Plant with digested, dewatered 
biosolids -Prince of Wales 1.6    
Vic  Stockpiled Biosolids -Carrum Downs 1.93  0.44 0.29 
Melbourne water(unpublished 
data) 
Vic  Stockpiled biosolids -Werribee  0.57  0.48 0.9 
Melbourne water(unpublished 
data) 
Vic Stockpiled Biosolids -Boneo (2009) 1    
South East Water (unpublished 
data) 
Vic Stockpiled Biosolids -Camperdown 1.6 1.4 0.8 0.4 
Wannon Water (unpublished 
data) 
Vic Stockpiled Biosolids - Leongatha(2012) 0.34  0.041  
South Gippsland Water 
(unpublished data) 
Vic Stockpiled Biosolids - Pakenham (2009) 0.47    South East Water (unpublished 
data) Vic Stockpiled Biosolids - Somers (2009) 0.59    
Vic Stockpiled Biosolids - Carrum Downs  1.6  0.76  (Ukwatta et al., 2016) 
WA anaerobic digested and dewatered biosolids - Beenyup  1.99    (Pritchard et al., 2007)  
WA anaerobic digested and dewatered biosolids - Woodman 
Point  1.48    
WA Biosolids cake - Woodman point (2002-2007) 1.8  0.1 1.1 Water Corporation 
(unpublished data) WA Biosolids cake - Woodman point (2008-2012) 3.1    
WA Biosolids cake - Beenyup Cake (2002-2007) 1.9  0.062 0.9 
WA Biosolids cake - Beenyup Cake (2008-2012) 2.3    
WA Lime-amended biosolids-Subiaco  (2002-2007) 0.8  0.0604 0.6 
WA Lime-amended biosolids-Subiaco  (2008-2012) 1.1    
Average 1.8 4058 0.47 0.80   
  Range  0.01-5.7 1.4-8662 0.04-1.8 0.29-1.4 
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1.4.2.3 Heavy metals and their effect on OC  
Heavy metals are an integral part of biosolids and are one of the most researched 
characteristics in biosolids due to their toxicity to microorganisms, plants and animals 
(including humans). The major heavy metals of interest reported in the literature and 
listed in the EPA guidelines are referred by the Victorian Water industry as the 9 EPA 
metals. These heavy metals are Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper 
(Cu), Mercury (Hg), Nickel (Ni), Lead (Pb), Selenium (Se) and Zinc (Zn). These heavy 
metals are also the most reported elements in the biosolids literature and vary 
significantly in different biosolids products (Table 1.16 - 1.18). There are other metals 
found in biosolids products (Table 1.19) but these elements have not been investigated 
extensively as since environmental agencies and the water industry consider them to 
be low risk to human health and the environment. A greater interest in the 9 EPA heavy 
metals is due to their potential toxicity to microorganisms, plants and humans. For 
this study their toxicity to microorganisms is of most interest as it is well documented 
that heavy metals such as Cd, As, Cu, Zn and Pb are toxic to microorganisms and may 
inhibit organic decomposition of C in both biosolids and soils (Bolan et al., 2012, 
Iakimenko et al., 1996, McGrath et al., 1995). This inhibition of OM decomposition 
may have a preservative effect on biosolids C and soil C and lead to enhanced C 
sequestration. This suggestion was consistent with Iakimenko et al. (1996) who 
demonstrated in a short-term incubation experiment that high concentrations of Cd 
in biosolids might inhibit decomposition of SOM. Similarly Sauvé (2006), in a 70-year 
field study on a contaminated Cu site, found Cu inhibited SOM degradation. The same 
field-based study showed that Cu levels of 154, 193, and 285 mg Cu/kg dry soil 
inhibited SOM decomposition by 10 %, 20 %, and 50 %, respectively. Similarly, a field 
experiment by Chander and Brookes (1991) on a sandy-loam and silty-loam soil found 
Cu and Zn decreased soil microbial biomass and increased the accumulation of SOM. 
Knight et al. (1997) also found that Cu and Zn reduced microbial biomass but observed 
that the toxic effect was highly dependent on pH. 
Apart from toxicity, the other process that can stabilise and reduce decomposition of 
SOC/SOM is complexation. It has been well established that metals form complexes 
with SOM. A review by Mortensen (1963) on the topic of SOM and metal complexation 
found that metals such as Cu and Zn can form organic-metal complexes in soils. These 
metal complexes are formed by ion exchange, surface adsorption and chelation-
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reaction mechanisms. Furthermore, Bolan et al. (2003) found that Cd, like Cu and Zn, 
forms complexes with organic matter in biosolids compost. Cd is known to form 
complexes with Dissolved Organic C (DOC) in soils amended with sewage sludge 
(Bergkvist and Jarvis, 2004) and this may result in microorganisms unable to 
decompose/mineralise OC (Iakimenko et al., 1996). 
Further research is required on the effect of heavy metals on the decomposition of 
SOC.  Most of the relevant literature was found to be based on soil, and it is unclear if 
this stabilisation mechanism will affect biosolids OC even before land application. 
Based on the relevant literature it can be hypothesised that biosolids with high metal 
levels compared to biosolids with low metal levels will have the greater C sequestration 
potential demonstrating that metals in biosolids could have a positive effect on soil C 
sequestration.    
  
79 
 
79 | P a g e  
 
Table 1.16: EPA heavy metals in biosolids and sewage sludge products in the 
literature and based on a survey of water corporations.   
Biosolids 
description  
As 
(mg/kg) 
Cd 
(mg/kg) 
Cr 
(mg/kg) 
Cu 
(mg/kg) 
Hg 
(mg/kg) 
Ni 
(mg/kg) 
Pb 
(mg/kg) 
Se 
(mg/kg) 
Zn 
(mg/kg) 
References   
A small urban pond-
based plant. Biosolids 
are dredged 
occasionally 
3 1.2 16 141 0.24 11 36 
 
420 
 (Wang et al., 
2008) 
Aerobically digested 
Biosolids (Average 
1997, 2000, 2003) 
 
3 87 354 
 
28 43 
 
723 
 (Su et al., 
2008)  
Aerobically digested 
sewage sludge  
 
21.5 
 
3650 
 
210 640 
 
2980 
(Sukkariyah 
et al., 2005)  
anaerobic digested 
sewage sludge  
Average (1984-1993) 
5.6 6.2 65 846 
 
66 186 
 
1239 
(Surampalli 
et al., 2008) 
Anaerobic municipal 
sewage sludge (2001) 
 
5.7 251 368 
 
169 96 
 
8224 
 (Egiarte et 
al., 2008)  
Anaerobic municipal 
sewage sludge (2002) 
 
5.7 803 605 
 
167 155 
 
8488 
Biosolids 3.5 1.3 42 263 0.53 18 28 
 
627 
(Wang et al., 
2008) 
Biosolids are 
anaerobically 
digested and 
dewatered  
4.2 2.3 612 348 1.09 31 52 
 
1057 
Biosolids are 
anaerobically 
digested with 
ultrasonic cell 
destruction 
technology, 
dewatered, and lime 
stabilised. 
2.9 2.3 333 363 0.18 73 36 
 
783 
Biosolids Belt-Press 
Year 2 
 
3.6 
 
266 
 
38.1 61.5 
 
758 
 (Esteller et 
al., 2009)  Biosolids Belt-Press 
Year 1 
 
32 
 
352 
 
13.3 78.7 
 
809 
Biosolids Dewatered  
 
4.7 
 
750 
 
25 115 
 
870  (Cogger et 
al., 2001)  Biosolids Heat-Dried  
 
7.6 
 
480 
 
53 270 
 
1100 
Compost made (1:3:1) 
1 part municipal 
crushed green wastes, 
3 parts pine barks as 
residues of the wood 
industry and 1 part 
sewage sludge. (9 
months) 
   
137 
  
76 
 
449 
(Watteau 
and 
Villemin, 
2011) 
Composted Biosolids 
Year 2 
 
2.8 
 
249 
 
33.7 56.3 
 
782 
(Esteller et 
al., 2009)) Composted Biosolids 
Year 1 
 
ND 
 
382 
 
13.5 112.4 
 
761 
Fresh Biosolids 
(Anaerobically 
digested sludge) 
(1992-1999) 
  
396 
  
102 
   
(Jaynes and 
Zartman, 
2005) 
Fresh biosolids 
(mixed primary 
sludge and waste 
activated sludge), 
anaerobically 
digested, 
mechanically 
dewatered 
   
530 
    
5769 
(Donner et 
al., 2011) 
Fresh biosolids 
(mixed primary 
sludge and W.A.S.), 
anaerobically 
digested, 
mechanically 
dewatered 
   
702 
    
768 
Fresh biosolids 
(mixed primary 
sludge and W.A.S.), 
mechanically 
dewatered 
   
286 
    
567 
Liquid biosolids 
anaerobic digested  
(1987-1993) (sludge) 
27 88 
 
431 8 129 199 43 1705 
(Gaskin et 
al., 2003)  
Liquid biosolids 
anaerobic digested  
(1994-1997) (sludge) 
9 5 
 
408 1 92 188 4 1191 
Liquid biosolids that 
are auto thermal 
thermophilic aerobic 
digestion (sludge) 
13 3.1 103 533 1.12 48 50 
 
1020 
(Wang et al., 
2008) 
ND-not detected   
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Table 1.17: EPA heavy metals in biosolids and sewage sludge products in the 
literature and based on a survey of water corporations. (continued). 
Biosolids 
description  
As 
(mg/kg) 
Cd 
(mg/kg) 
Cr 
(mg/kg) 
Cu 
(mg/kg) 
Hg 
(mg/kg) 
Ni 
(mg/kg) 
Pb 
(mg/kg) 
Se 
(mg/kg) 
Zn 
(mg/kg) 
References   
NSW Bondi STP 
dewatered cake 2003 
   
880 
    
870 
(McLaughlin 
et al., 2010)  
  
NSW Malabar STP -
LSB 2002 
   
420 
    
650 
QLD aerobic digested 
dewatered biosolids 
Noosa 
   
355 
    
495 
QLD anaerobic 
digested and dewatered 
biosolids luggage point  
   
830 
    
1705 
SA Bolivar agitated air 
dried (AAD) 
   
315 
    
435 
SA Bolivar dried lagoon 
(BDB) 
   
340 
    
500 
Sewage sludge  
   
223 
  
129 
 
1360 
(Watteau and 
Villemin, 
2011) 
Sewage sludge 1 12.8 5.18 282 1720 4.37 81.8 226 24.2 1530 
(Kim et al., 
2012) 
Sewage sludge 2 7.13 3.75 56.8 1670 2.6 120 35.1 6.5 810 
Sewage sludge 3 9.67 1.02 17.4 126 0.83 29.4 54.5 1.7 281 
Sludge Cakes (Average 
values 1994-1997) 
 
11.88 472 1740 2.98 154.4 542.8 
 
1740 
(Gibbs et al., 
2006)  
Stockpiled 
(composting) biosolids 
from the secondary 
treatment plant. This is 
an aged sample from 
the same treatment 
(i.e., mixed primary 
and waste activated 
sludge, anaerobically 
digested, and 
centrifuged before 
composting) 
   
477 
    
467 
(Donner et al., 
2011)  
Stockpiled biosolids 
from secondary 
treatment process 
(dewatered mixed 
primary and secondary 
sludge) 
   
871 
    
1035 
stockpiled drying bed 
biosolids from 
extended aerobic and 
anaerobic lagoon 
system 
   
604 
    
825 
TAS Activated plant, 
digested dewatered 
biosolids-Macquarie 
Point 
3 2 72 823 2 27 101 3 957 
Southern 
water (Tas) 
(unpublished 
data) 
TAS Activated sludge, 
lime stabilised, 
dewatered biosolids-
Rosny 
2.84 1.05 11 184 0.8 7.3 16 2 463 
TAS Hybrid BNR 
trickling filter limed 
stabilised, dewatered 
biosolids-Self's Point 
2.7 
 
11 500 0.49 7.8 11 2.26 192 
TAS Activated Sludge 
Plant with digested, 
dewatered biosolids -
Prince of Wales 
4.58 9.5 133 629 14.26 22.9 77 3.3 3043 
Undigested biosolids 4.7 1.1 28 33 0.62 15 45 
 
427 (Wang et al., 
2008) Undigested biosolids 9.7 1.1 29 280 0.91 12 33 
 
410 
Vic Stockpiled 
Biosolids -Carrum 
Downs 
6.25 4.38 170.75 324.88 0.89 101 86 2.75 490 
Melbourne 
water 
(unpublished 
data)  
Vic Stockpiled biosolids 
-Werribee  
12.21 13.52 
590 
(Cr(III) 
= 71, 
Cr(VI) = 
0.5) 
751 4.61 126 400 5.31 1021 
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Table 1.18: EPA heavy metals in biosolids and sewage sludge products in the 
literature and based on a survey of water corporations (continued). 
Biosolids 
description  
As 
(mg/kg) 
Cd 
(mg/kg) 
Cr 
(mg/kg) 
Cu 
(mg/kg) 
Hg 
(mg/kg) 
Ni 
(mg/kg) 
Pb 
(mg/kg) 
Se 
(mg/kg) 
Zn 
(mg/kg) 
References   
Vic East Gippsland 
Water 
   
150 
    
290 
(McLaughl
in et al., 
2010) 
Vic Gippsland Water 
   
70 
    
180 
Vic Goulburn Valley 
Water 
   
65 
    
180 
Vic North East 
Water 
   
100 
    
300 
Vic Stockpiled 
Biosolids -Boneo 
(2009) 
6.2 1.66 33.8 264 1.56 19 38.8 3.8 552 South East 
Water 
(unpublish
ed data) 
Vic Stockpiled 
Biosolids -
Camperdown 
21 0.94 72 144 0.45 52.88 18 2 269 Wannon 
Water 
(unpublish
ed data) 
Vic Stockpiled 
Biosolids -
Leongatha(2012) 
5 0.28 53 68 0.33 22 12 3 114 South 
Gippsland 
Water 
(unpublish
ed data) 
Vic Stockpiled 
Biosolids -
Pakenham (2009) 
5 0.63 30 130 0.33 12 30 3 236 
South East 
Water 
(unpublish
ed data) 
Vic Stockpiled 
Biosolids -Somers 
(2009) 
5.6 0.92 37 158 0.64 15.4 23 3.8 294 
WA anaerobic 
digested and 
dewatered biosolids 
Beenyup  (2005) 
   
1170 
    
615 
(McLaughl
in et al., 
2010) 
WA anaerobic 
digested and 
dewatered biosolids 
Woodman Point 
(2005) 
   
1500 
    
900 
WA Biosolids cake- 
Woodman point 
Cake (2002-2007) 
3.29 1.97 81 1315 1.99 43.97 50 4.02 909 
Water 
corporatio
n 
(unpublish
ed data) 
WA Biosolids cake- 
Woodman point 
Cake (2008-2012) 
4.55 1.71 79.6 
(Cr(VI)
= 4.6) 
1116 1.83 36.82 37.92 4.55 959 
WA Biosolids cake-
Beenyup Cake 
(2002-2007) 
3.04 1.48 71 1037 2.14 35.35 34 3.97 688 
WA Biosolids cake-
Beenyup Cake 
(2008-2012) 
3.96 1.36 49.7 ( 
Cr(VI)=
3.1) 
870 1.9 23.9 25.4 5 886 
WA Lime-amended 
biosolids-Subiaco 
(2002-2007) 
3.01 0.64 18 513 1.04 6.83 23 1.5 246 
WA Lime-amended 
biosolids-Subiaco 
(2008-2012) 
3.79 0.95 17.1 
(Cr(VI)
=4.4) 
489 0.98 7.6 10.7 1.66 317 
Average (biosolids) 7 7 151 585 2 55 106 6 1127 
  
  Range 2.7-27 0.3-88 11-803 33-
3650 
14-0.2 210-
6.8 
11-
640 
1.5-43 114-
8488 
82 
 
82 | P a g e  
 
Table 1.19: Elements and heavy metals in biosolids of less importance. 
Biosolids 
description  
Ag 
(mg/kg) 
B 
(mg/kg) 
Ba 
(mg/kg) 
Be 
(mg/kg) 
Br 
(mg/kg) 
Co 
(mg/kg) 
Mo 
(mg/kg) 
Nb 
(mg/kg) 
Sb 
(mg/kg) 
Sc 
(mg/kg) 
Sn 
(mg/kg) 
Sr 
(mg/kg) 
Tl 
(mg/kg) 
V 
(mg/kg) 
Y 
(mg/kg) 
Zr 
(mg/kg) References   
Fresh Biosolids 
(Anaerobically 
digested sludge) 
(1992-1999) 
       150  26  468  332  288 
(Jaynes and 
Zartman, 2005)  
Sewage sludge 1 856 117 1700 1.11  14.8 38.5  2.74  191  0.3 190 16  
(Kim et al., 2012) Sewage sludge 2 125 15.2 1240 0.38  7.17 15.2  0.05  41.8  0.13 28.7 6.46  
Sewage sludge 3 195 31.9 270 0.23  8.98 6.96  3.64  21.4  0.07 71.8 5.66  
Liquid biosolids 
anaerobic digested 
(1987-1993) 
(sludge) 
      31          
(Gaskin et al., 
2003)  Liquid biosolids 
anaerobic digested 
(1994-1997) 
(sludge) 
      39          
WA Biosolids cake-
Beenyup Cake 
(2002-2007) 
      9.91          
Water 
corporation 
(unpublished 
data) 
WA Lime-amended 
biosolids-Subiaco 
(2002-2007) 
      8.75          
WA Biosolids cake- 
Woodman point 
Cake (2002-2007) 
      19.1          
Vic Stockpiled 
Biosolids -
Camperdown 
 56     2.55          
Wannon Water 
(unpublished 
data) 
Vic Stockpiled 
biosolids -
Werribee  
 48.24 379.79 0.97 53.54    14.88  75      
Melbourne 
water(unpublish
ed data) 
Vic Stockpiled 
Biosolids -Carrum 
Downs 
6.38 34 226  10.13 17.88 2.25    52.43      
Average  295.6 50.39 763.16 0.67 32 12.208 17 150 5.328 26 76.326 468 0.1667 155.63 9.37 288 
  
Range 6.38-
856 
15-117 
226-
1700 
0.23-
1.11 
53.5-
10.1 
17.9-7.2 39-2.3 N/A 0.05-15 N/A 
21.4-
191 
N/A 
0.07-
0.3 
28.7-
332 
16-5.7 N/A 
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1.5 Land application of biosolids products in agricultural systems  
1.5.1 Soil C sequestration with a particular focus on biosolids 
The third largest pool of C is the pedologic (soil) pool, after the ocean pool, estimated 
at 38400 Pg C, and the fossil fuel pool, estimated at 4130 Pg C (Lal, 2008). The 
pedologic pool is estimated to be 1200 - 1600 Pg C; this was followed by the estimated 
amount stored in biotic C pool (550 - 700 Pg C) and the atmosphere (750 - 760 Pg C) 
(Lal, 2008, Tian et al., 2009). The pedologic C pool consists of two pools – the SOC 
pool estimated at 1550 Pg C and the Soil Inorganic C (SIC) pool estimated at 950 Pg C 
(Lal, 2008, Tian et al., 2009). The SIC pool remains relatively unchanged due to being 
part of the soil structure and having a relatively low turnover. In contrast, the SOC 
pool is continuously changing in a dynamic system (Christopher and Lal, 2007). 
Biosolids can play a role in the C cycle in relation to the soil (Figure 1.13). 
 
Figure 1.13: A Simple representation of a C cycle (Cheng and Kimble, 2001) 
(Modified). 
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 Carbon (C) enters the soil through inputs such as plant residues and organic 
amendment applications (e.g. Biosolids) (Figure 1.14) (Tian et al., 2009, Torri et al., 
2014). The C is then stored in different C fractions in the soil, and each fraction 
mineralises at different rates and finally lost through mineralisation processes (Torri 
et al., 2014, Torri et al., 2003, Wijesekara et al., 2017,). Also, C is lost from the soil 
through erosion and leaching. To build up C in the soil and lead to genuine C 
sequestration, the C inputs into the soil must be higher than the C lost from the soil 
thus, resulting increased in C stored. Biosolids is a soil-like material that contains C 
pools and C fractions similar to soil.  When these materials (i.e. soil and biosolids) 
combine, it is vital to understand how the application biosolids alters these C pools 
and fractions. Also, the additions of biosolids increase nutrients in the soil which will 
also enhance plant growth and enhance soil C from the addition of plant residue.     
 
Figure 1.14: Flow diagram of soil C dynamics. 
1.5.2 Biosolids and land management practices  
Land management practices plus biosolids application can enhance and maximise C 
sequestration in soil. Practices such as zero or conservation of tillage management 
practices (Freibauer et al., 2004), use of organic amenders (e.g. biosolids), bioenergy 
cropping, and organic farming (Smith, 2004a) can significantly increase soil C. It has 
been found that soil C sequestration increases most rapidly after these C enhanced 
management practices have been implemented (Smith, 2004a). It is well known that 
Soil C Input 
•Organic 
amendments (e.g. 
Biosolids and 
manures)
•Plant residues 
•Photosynthetic 
microorganisms in 
the soil  
Soil C Store 
•Soil (silt & clay 
fractions)
•Micro and macro 
organisms in the 
soil 
•C frations e.g. 
DOC, POC, Humus 
etc.  
•Persistent forms 
like lignin and coal 
etc.
Soil C Loss
•Flux (CO2 & CH4)
•Erosion
•Leaching into 
ground water 
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no-till systems increase C in soil considerably (West and Post, 2002). The only 
problem with current biosolids land application practices is the EPA requirement for 
biosolids to be incorporated into the top 10 cm of the soil which reduces C 
sequestration potential of biosolids due to tillage being required to integrate biosolids 
into the soil. Also, the limitation with soil C sequestration is that as long as 
management practices (such as no-till and/or the addition of organic amenders and 
nutrients) to enhance soil C are in place, soil will keep on sequestering C. However, 
once these management practices are discontinued any C sequestered will be slowly 
lost and soil carbon levels will return to pre-management practice levels (Smith, 
2004b). This poses a problem in Australia due to the risk-adverse nature of water 
corporations which are reluctant to reapply biosolids to a site resulting in reduced 
likelihood of biosolids increasing soil C sufficiently. Also, when repeat application 
occurs, it usually occurs every 5 years due to an industry 5-year rule (Stevens et al., 
2012).  This rule is in place to reduce the risk of contaminants builds up from biosolids 
application. The problem is that with current biosolids land management practices in 
Victoria, biosolids application may not lead to C sequestration. This is one of the issues 
this study aims to address.    
1.5.3 The potential for C sequestration using biosolids  
The global emissions of CO2 C to the atmosphere in 2016 were estimated to be 13 Pg 
C/yr (Olivier et al., 2017) and the maximum yearly SCS potential was 0.9 Pg C/yr 
(Smith, 2004b, Lal, 2004). In Australia CO2 emissions for 2017 were estimated to be 
533.7 Mt CO2 (D.C.C.E.E., 2017). Also, estimated sequestration rate for natural 
Australian soils is around 0.2 - 0.4 t C/ha/yr (Freibauer et al., 2004). With Australian 
soil covering an area of 769 Mha (Australia, 2012), soil C sequestration has the 
potential to significantly reduce Australian C emissions, but in reality, only 52 % of the 
total land in Australia are agriculture lands that could be used for C sequestration 
purposes (ABS, 2011).  
In a review by Sanderman et al. (2010) studying the potential of soil C sequestration 
in Australia, biosolids applications to agricultural systems was highlighted as one 
potential ways of increasing soil C which may lead to soil C sequestration. The 
estimated potential storage capacity of biosolids in soil is estimated at 0.26 t C/ha/yr 
(Smith, 2004a). The primary C sequestration comes from an increase in (i) SOC, (ii) 
soil C biomass, and (iii) yield (but this does not always translate to C sequestration). 
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This research was undertaken by Tian et al. (2009) and it was found that SCS was 
significantly correlated with the cumulative biosolids application. However, thus far, 
in the literature, there are only a few estimates on probable sequestration rates as 
shown in Table 1.20. Most of these studies were carried out on damaged soil, i.e. mine 
sites (Antonelli et al., 2018, Silva et al., 2015, Tian et al., 2009) and landfills sites 
(Bolan et al., 2013). These sites have greater sequestration potential due to mining and 
landfilling processes leading to significant loss of C, nutrients, soil micro and micro-
organisms. This in turn means that any application of biosolids significantly improves 
the soil and leads to significant soil C sequestration. Standard agricultural soils are 
relatively undamaged compared to mining soils, and the application of biosolids to 
agricultural land may result in minimal C sequestration. Consequently, biosolids 
application may not greatly improve agriculture soil when compared to mining soils.  
Also, climate conditions and soil type can affect how much C a soil can store 
(Christopher and Lal, 2007, Yan et al., 2007). It has been reported that tropical soil 
contains more SOC compared to temperate climate soil (Lal, 2003). However, in 
tropical climates, the rates of decomposition are higher due to a higher temperature 
and higher microbial respiratory rates compared to the temperate climate. Temperate 
climates also have a considerable SCS potential (Christopher and Lal, 2007, Lal, 
2003). Baldock and Skjemstad, (1999) reported that SOC was also positively 
correlated with rainfall and negatively correlated with temperature. Most of these 
studies (Table 1.20) are international studies except a study carried out in South 
Australia which has a different climate compared to typical biosolids sites in Victoria 
(Bolan et al., (2013). Therefore, in the present study, some typical historical biosolids 
applications sites in Victoria will be investigated to determine if current biosolids 
management practices have led to any evidence of soil C sequestration. 
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Table 1.20: C sequestration rates found in the literature. 
Country Cumulative 
application 
(Mg/ha) 
Crops Sequestration Rate (Mg 
C/ha/yr) 
Years References 
Canada 150 See mixture of 33.2% pubescent 
wheatgrass, 
7.5% orchard grass, 4.0% creeping 
red fescue, 34.6% alfalfa, 
and 5.9% alsike clover 
 
3.7 13 (Antonelli et al., 2018) 
 250 6.3 
America 455-1654 Rotation of corn, wheat, sorghum, 
soybean grass and fallow 
 
0.54-3.05 8-23 (Tian et al., 2009) 
Brazil 100 Woody savannah vegetation 140 14 (Silva et al., 2015) 
 
Australia (south 
Australia) 
0 Mustard/sunflower 3.110/2.481 3 (Bolan et al., 2013) 
 25 Mustard/sunflower 6.411/3.805 3 
50 Mustard/sunflower 7.543/4.796 3 
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1.6 Overview   
Biosolids are a by-product of the sewage treatment process, and there are multiple 
methods to produce a biosolids product. As mentioned in the preceding review, that 
treatment processes were mostly used to classify biosolids rather than their 
composition and chemical characteristics. Biosolids like soil were found to have an 
inorganic and organic component. Based on the literature it can be concluded that the 
inorganic components are mainly clay and silt which can increase the stability of both 
biosolids C and soil C through the formation of organo-mineral complexes and 
aggregates.  Also, other materials that are integral to the biosolids such as the 9 EPA 
metals could also enhance C sequestration through toxicity to microorganisms and 
complexation with organic material. These are some of the topics that are aimed to 
investigate from the present study. It was also reported that biosolids application could 
lead to C sequestration, albeit in conditions not found in Victoria. Furthermore, this 
study also aims to investigate biosolids materials and how current management 
practices and biosolids products affect soil C sequestration. The specific aims of each 
section of this thesis are presented in each chapter, but overall the research is designed 
to: 
• Characterise biosolids products from different sewage treatment plants in 
Victoria. 
• Investigate the stabilisation processes of OC in clay-rich biosolids. 
• Investigate how metals in biosolids affect the stability of OC in the soil.  
• Assess the C stored in soils receiving biosolids applications in the outer region 
of Melbourne. 
The thesis is structured as follows: biosolids products characterisation and 
classification is presented in the next chapter followed by chapters describing the 
development of an analytical procedure to measure C in biosolids, mineralisation of 
biosolids with and without selected contaminants (clays and heavy metals), and finally 
an investigation into C sequestration in some historical applications sites. The thesis 
ends with a short overview of the project, its outcomes, and implications for the water 
industry and suggestions for further study. 
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Chapter 2: Characterisation of 
Victorian Biosolids Products 
Destined for Land Application 
 
2.1 Preamble  
A literature review presented in chapter 1 showed that there is an absence of detailed 
information on the characteristics of the diverse range of biosolids products. Although 
biosolids are known to be a variable product due to different management and 
treatment methodologies used, most research showed little distinction between types 
of biosolids.  This chapter describes research undertaken in this project to characterise 
biosolids and to determine parameters that are highly variable with a special focus on 
determining characteristics that can affect stability and sequestration potential of 
biosolids’ organic C.  
2.2 Introduction 
There are 17 water corporations in the State of Victoria, Australia (Figure 1.3 and 
Figure 1.4). A survey of these corporations showed that they produce four main 
biosolids product groups. For this study, these groups were defined as follows: Group 
1 - thermally dried pelletised biosolids (TDP), Group 2 - < 3 years biosolids (non-
stockpiled and stockpiled), Group 3 - composted biosolids (comp), and Group 4 - > 3 
yr biosolids (stockpiled)(> 3 yr) (Table 1.5). Characterising the properties of the 
biosolids products is the first step in determining their suitability for beneficial use in 
land application programs. Mainstream properties of biosolids that need to be 
characterised include pathogens [e.g. E. coli (Escherichia coli), salmonella, and enteric 
viruses], pH, nutrients, heavy metals, organic chemicals, total solids and volatile 
solids. Nonetheless, these measurements are a minimum to meet regulatory 
requirements and additional measurements are sometimes warranted to understand 
the products fully and to determine the end-use. Some of these additional 
measurements are determination of Si, Al, clay and C levels as these vary greatly in 
different biosolids products depending upon the treatment process used. The objective 
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of this study is to show the diversity of Victorian biosolids products with a special focus 
on total elemental analysis, particle size distribution, and C content (total C and 
organic C), in order to identify similarities and highlight the differences between the 
biosolids products.   
2.3 Hypotheses 
• Biosolids in Victoria are variable materials and can have extrinsic components 
(e.g. minerals and organic compounds, heavy metals) that effect their beneficial 
use.  
 
• There are organic and inorganic characteristics of biosolids products that can 
affect C sequestration potential in receiving soils. 
2.4 Objectives  
To examine the composition and characterise the biosolids products surveyed in 
Victoria, about untapped beneficial uses and implications for the environment. 
Specific objectives are: 
• To determine the chemical composition of all biosolids products 
collected and apply statistical analysis to the complex data sets generated 
in order, to identify factors that can impact on land application practices. 
 
• To propose an improved biosolids classification system based on both 
chemical and physical characteristics which can be used to classify 
numerous biosolids products for the development of biosolids 
management strategies.       
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2.5 Materials and Methods 
2.5.1 Biosolids Samples  
2.5.1.1 Victorian biosolids products 
Based on an initial survey of the 17 water corporations in Victoria, the companies 
contacted were found to use a range of treatment and drying processes reflecting their 
specific infrastructure/operation capabilities which result a range of biosolids 
products (Table 2.1). The products were amalgamated into 4 distinct groups. The 
groups are as follows:   
Group 1: Thermally dried and pelletised biosolids (TDP) were produced by rapidly 
drying temperatures (>200 ͦ C) to achieve 90% dry solids and destroy pathogens in 
order to produce a T1C2 product.  
Group 2: Less than 3 years biosolids (< 3 year.) products (T2C2/T3C2 grade) were 
produced by (i) belt pressing and solar drying process, (ii) centrifuging process, (iii) 
drying process on clay beds, and (iv) belt pressing and windrowing process. These 
processes result in biosolids being stored for less than 3 years.  
Group 3: Composted biosolids (comp) which are mixed with other waste streams 
(e.g.  green waste and prescribed waste) and composted to achieve a T1C1 product. 
Group 4: Greater than 3 years biosolids (T1C2 grade) (>3 year.) produced by storing 
digested and dried sludge for greater than 3 years. The drying process of these 
products (Table 2.1) utilized two types of drying pans; (i) Clay lined drying pans [all 
South East Water biosolids and one Melbourne Water biosolids (W2009)] and (ii) 
Cement-treated crushed concrete (CTCC) lined drying pans [Melbourne Water 
biosolids (E2009)]. 
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Table 2.1: Details of biosolids products collected for this study. 
No. Water Corporation 
Victorian 
biosolids 
groups 
Treatment 
plant/composting 
plant 
Products Treatment process 
Year 
Harvested 
Treatment 
grade 
Contaminant 
grade 
1 Barwon Water (BW)2 
Group 1 
Thermally 
dried 
pelletised 
(TDP) 
Geelong Thermally Dried Thermally Drying 2012 
T1 C2 
2 
Central Highlands 
Water (CHW) 
Ballarat North Pelletised 
Thermally Dried/ 
pelletised 
2012 
3 
South East Water 
(SEW) 
Group 2 
 < 3 yr. 
Boneo Solar dried 
Belt press/solar 
drying 
2009 
T3 C2 
4 
Western Water (WW) 
Gisborne 
Centrifuged Centrifuging 2011 
5 Clay drying bed 
Air drying on clay 
drying bed 
2011 
6 Melton-Surbiton 
Park 
Windrowed 
Belt 
press/windrowing 
2009 
7 Belt press Belt press 2012 
8 Pine Gro (PG)1 
Group 3 
Composted 
(Comp) 
Deer Park Bio Compost 
Composting 
2012 
T1 C1 9 
Gippsland Water 
(GLW) 
Dutson Downs 
90:10 Composted 
biosolids 
2013 
10 
Gippsland Water 
(GLW) 
Dutson Downs 
100% Biosolids 
Composted 
2013 
11 
South East Water 
(SEW) 
Group 4 
> 3 yr. 
Pakenham 
P2009A1 
Drying/stockpiling 
for 3 years 
2009 
T1 C2 
12 P2009A2 2009 
13 P2009B 2009 
14 Somers H2009 2009 
15 Boneo R2009 2009 
16 
Melbourne Water 
(MW) 
Western 
Treatment 
W2009 
Drying/stockpiling 
for 3 years 
2009 
T1 C2 
17 
Eastern 
Treatment 
E2009 2009 
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2.5.1.2 Sample preparation 
Seventeen biosolids samples from water authorities across Victoria were collected into 
20 L plastic buckets. Samples were; homogenised, air-dried, ground and sieved to < 2 
mm. Processed transferred to plastic containers and stored in a refrigerator at < 4 ◦C 
for further analysis. 
2.5.2 Biosolids analysis 
2.5.2.1 Chemical analysis 
2.5.2.1.1 Basic parameters 
pH1:5 H20 & CaCl2  
 Measurements of pH 1:5 water (H2O) and pH 1:5 CaCl2 were carried out according to 
method 4A1 and 4B1 described in Rayment and Lyons (2010), respectively. In each 
case, 20 g sample of the dried and sieved biosolids product was added to 100 ml of 
water and shaken for 1h and measured using a pH probe. 
EC 1:5 
EC 1:5 was measured using method 3A1 described by Rayment and Lyons (2010).). In 
each case, a 20 g sample of the sieved and dried biosolids product was added to 100 
ml of water and then shaken for 1 h and the EC subsequently measured.  
Volatile solids  
Volatile solids (VS) were measured according to Method 1684 of the U.S.EPA (2001). 
Oven-dried biosolids samples were ashed at 550 ͦ C and the weight loss was 
represented as percentage oven-dried bases. The result was reported as percentage VS.  
Sodium adsorption ratio and Cation ratio of structural stability  
Sodium (Na+), Potassium (K+), Calcium (Ca+2) and Magnesium (Mg+2) concentrations 
were measured in a tract 1:5 biosolids : water extract according to the method of 
Rengasamy and Marchuk (2011). The Sodium adsorption ratio (SAR1:5) and the cation 
ratio of structural stability (CROSS1:5) were calculated using Equation 2.1 and  
Equation 2.2, respectively.  
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SAR1:5 calculation  
 
𝑆𝐴𝑅 =
[𝑁𝑎+]
√1
2
([𝐶𝑎2+ ] + [𝑀𝑔2+])
 
(Equation 2.1) 
CROSS1:5  calculation 
 
𝐶𝑅𝑂𝑆𝑆 =
[𝑁𝑎+] + 0.56𝐾+
√1
2
([𝐶𝑎2+] + 0.6[𝑀𝑔2+])
 
 (Equation 2.2) 
Extractable elements 
Exchangeable cations and cation exchange capacity  
The exchangeable (Exch.) cations were measured using 1:20 ratio of biosolids (<2mm 
air-dried) and extract 1 M ammonium chloride extracted at pH 7. Soluble salts were 
removed from biosolids samples by washing with 60 % ethanol and 20 % aqueous 
glycerol if EC1:5 for the sample was > 300 µS/cm using Method 15A2 described by 
Rayment and Lyons (2010).  The extract and biosolids mixture were centrifuge, and 
Exch. Ca, Exch. Mg, Exch. Na, Exch. K in the extract was measured using ICP-MS. The 
Cation Exchange Capacity (CEC) was calculated by summing the exchangeable cation, 
and ESP was calculated using Equation 2.3. 
ESP calculation  
 
𝐸𝑆𝑃 =  (
Exch.Na
CEC
) × 100 
(Equation 2.3) 
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Olsen-P 
Olsen-P was measured according to the method 9C in Rayment and Lyons (2010). Five 
grams of biosolids was weighed into a 250 mL bottle and extracted with 100 mL of 0.5 
M sodium bicarbonate (0.5 M NaHCO3 at pH 8.5) for 30 min at 25 ◦C. The extract was 
filtered, and an aliquot of known volume was transferred into a 25 mL volumetric flask. 
One drop of p-nitrophenol solution was added to the volumetric flask, and the sample 
acidified using 2.5 M sulphuric acid until a clear solution obtained. Four millilitres of 
mixed reagent (ammonium molybdate, potassium antimony tartrate, l-ascorbic acid 
in a 1.25 M sulphuric acid solution) was then added and the solution made up to 25 
mL mark with deionised water. The solution was kept for 30 min for the colour to be 
changed and the absorbance of the solution was measured at 882 nm. The standards 
were made up using potassium dihydrogen phosphate salt according to Rayment and 
Lyons (2010). The working standards have an end concentration ranging from 0 - 2 
mg/L and were made up in the same way as bicarbonate extracts described above. 
Skene K 
Skene K was determined as a measure of available K by extracting a sieved and dried 
biosolids with 0.05 M HCl in a ratio of 1:20 w/v. The prepared solution was shaken for 
1h and extracted K was measured using ICP-MS (Skene, 1956). The Skene K analysis 
was carried out at ALS Environmental Services located in Scoresby Melbourne. The 
result was reported as mg K per kg of oven-dried biosolids. 
Nitrate/Nitrite (NOx) 
Nitrate (NO3) and Nitrite (NO2) were measured using 2 M KCl extract (1:10 w/v) 
shaken for 1 h. The extract was filtered, and an aliquot was analysed using flow 
injection analysis (FIA). The FIA uses a cadmium reduction to convert any NO3 to NO2. 
The Sulphanilamide colour reagent was added, and the absorbance was measured at 
540 nm according to FIA system method 7C2b by Rayment and Lyons (2010). The 
analysis was carried out by ALS Environmental Services located in Scoresby 
Melbourne. The result was reported as mg NOx-N per Kg of biosolids (dry basis).   
NH3 
Ammonium (NH4+) was measured using 2 M KCl extract 1:10 w/v shaken for 1 h. The 
filtered aliquot was analysed using FIA according to method 7C2b by Rayment and 
Lyons (2010). The method involves KCl extract mixed with salicylate and citrate mixed 
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reagent followed by mixed with DCIC reagent (an aqueous solution of NaOH and 
dichloroisocyanuric acid). The absorbance of the extract was measured at 660 nm. 
Ammonium analysis was carried out by ALS Environmental Services located in 
Scoresby Melbourne. The result was reported as mg NH3-N per kg of biosolids (dry 
basis).  
2.5.2.2  Physical analysis  
Sand, silt and clay 
Particle size analysis (PSA) was undertaken using the Plummet-balance method 
(Emerson and Weissmann, 2000) at the Tatura laboratory, Department of 
Environment and Primary Industries (DEPI) using their inbuilt analytical method 
30018. This involved first treating 25 g of biosolids with sodium hypochlorite to 
remove organic matter. Carbonates, exchangeable metal ions, and soluble salts were 
removed by repeated treatment with 0.2 M HCL and finally washed with reverse 
osmosis water to remove any excess HCL. 20 mL of 5% (m/v) sodium 
hexametaphosphate was used as the dispersion agent, and it was added after the 
sample pre-treatment. Gravitational sedimentation was used to separate the sand, silt 
and clay fractions. Silt plus clay and percentage clay alone were measured using a 
Plummet balance. Once determined, the clay and silt fractions are removed by 
decantation, leaving behind the sand fractions, which were separated into fine and 
coarse grades by sieving. 
Texture  
The above-mentioned method were used to determine the biosolids texture based on 
the sand, silt and clay data (Figure 2.1.) 
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<Image removed due to copyright restrictions> 
 
 
 
 
Figure 2.1: Texture Diagram (Walton, 2015). 
Mineralogy (XRD) 
One point five grams of biosolids were ground for 10 min in a McCrone micronising 
mill under ethanol. The resulting slurries were oven dried at 60 °C followed by 
thoroughly mixed using an agate mortar and pestle before being lightly back-pressed 
into stainless steel sample holders for X-ray diffraction analysis. To determine 
amorphous content, 20% by weight of well crystalline corundum was accurately 
weighed and thoroughly mixed with each biosolids sample. The mixtures were lightly 
back-pressed into stainless steel sample holders for X-ray diffraction analysis. 
XRD patterns were recorded with a PAN Analytical X'Pert Pro Multi-purpose 
Diffractometer using Fe filtered Co Kα radiation, auto divergence slit, 2° anti-scatter 
slit, and fast X'Celerator Si strip detector.  The diffraction patterns were recorded in 
steps of 0.016° 2 theta with a 0.4 s counting time per step. These were logged to data 
files for analysis. 
Quantitative analysis was performed on the XRD data to calculate the percentage of 
each clay type, using the commercial package SIROQUANT from Sietronics Pty Ltd. 
The amorphous content was determined by re-normalising the totals calculated after 
removal of the calculated corundum content. 
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2.5.2.3 Elemental Fractionation 
2.5.2.3.1 Total Aluminium Iron, Phosphorus, Sulphur, Silica and Titanium 
Determination by X-Ray Fluorescence (XRF)  
Methods  
Al, Fe, Si and Ti were measured using the modified method 17A1 as described by 
Rayment and Lyons (2010). Phosphorous (P) was measured using a modified Method 
6A1 Rayment and Lyons (2010) and sulphur was measured using the modified Method 
10A1 by Rayment and Lyons (2010). Above methods are described below. 
Standards 
Standards were made by mixing silicon dioxide (SiO2) with known amounts of 
potassium dihydrogen phosphate (KH2PO4), calcium sulphate (CaSO4), aluminium 
oxide (Al2O3), iron (III) oxide (Fe2O2) and titanium (IV) oxide (TiO2) to create 
standards with known concentrations of P, S, Al, Fe and Ti, respectively. Once each 
standard was prepared, standards were processed in the same way as biosolids 
samples. Si standard was made up differently from the other standards by mixing SiO2 
with cellulose to create the calibration standards  
Sample preparation 
8 g of biosolids and 2 × 0.5 g (1 g in total) of PXR-250 XRF multi-mix pellets 
(purchased form Choices Analytical) were added to a ring-mill and ground for one 
minute (or until completely homogenised into a mixture < 0.05 mm). The mixture was 
then added to an aluminium cup and pressed into a disk using a hydraulic press that 
exerts 1723.69 kpa (250 psi) of force. All samples were analysed in triplicates by Bruker 
AXS S4 Explorer XRF.  
2.5.2.3.2 Inductively coupled plasma- mass spectrometry (ICP-MS) 
Arsenic (As), cadmium (Cd), calcium (Ca), copper (Cu) mercury (Hg),  magnesium 
(Mg), molybdenum (Mo), nickel (Ni), sodium (Na), lead (Pb), potassium (K) and zinc 
(Zn), were analysed using modified method 17B1 specified in Rayment and Lyons 
(2010). Digestion was completed according to the protocol in method 17B1 of Rayment 
and Lyons (2010). 0.5 g of the sample was weighed into the 5 mL digestion tubes of 
reverse aqua-regia (3:1 ratio of nitric acid (HNO3) and hydrochloric acid (HCl)) were 
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added to the 50 mL tube and placed onto the digestion block. The digestion block was 
heated according to the following protocol: 
1. 75 ◦C for 30 min 
2. 100 ◦C for 30 min  
3. 110 ◦C for 60 min 
4. 140 ◦C for 400 min 
 The digested samples were diluted to 50 mL with 0.1 % HNO3 in volumetric flasks and 
filtered through an acid washed filter paper into polyethene bottles. The filtered 
solution was diluted accordingly and analysed using ICP-MS. 
2.5.2.3.3 Total C and total nitrogen 
Biosolids samples were analysed for total C and nitrogen using LECO TruMac Series 
C/N analyser. 0.5 g of biosolids was weighed into a crucible and combusted at 1300 ◦C. 
The instrument was calibrated using Ethylenediaminetetraacetic acid (EDTA) 
certified by National Institute of Standards and Technology (NIST) which contained 
a known amount of C (410 g C kg-1) and N (95.7 g N kg-1). The procedure was carried 
out according to the standard method 6B2 described in Rayment and Lyons (2010) 
2.5.2.3.4 Total-nitrogen Kjeldahl method 
Total-N was analysed using a semi-micro Kjeldahl method and FIA according to 
method 7A2b Rayment and Lyons (2010). Known amounts of biosolids (0.1-0.2 g) 
were placed into a 50 ml test tube with a Kjeldahl copper catalyst tablet and 3.25 ml of 
18 M H2SO4. The mixture was digested and, after cooling then made up to 50 ml with 
water after allowing to be cooled and analysed with FIA for total N. The FIA analysis 
involved mixing the digested solution with deionised water, then a buffer solution 
made by dissolving sodium hydroxide (NaOH), potassium sodium tartrate tetrahyrate 
(NaKC4H4O6.4H2O) and sodium phosphate (Na2HPO4) in deionised water. Then the 
solution was mixed with salicylate-nitroprusside solution and hypochlorite solution 
before measuring the absorbance at 660 nm. The analysis was carried out by ALS 
Environmental Services located in Scoresby Melbourne. The results were reported as 
% Kjeldahl of biosolids (dry basis).  
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2.5.2.3.5 Organic C 
Dichromate oxidisable C was measured according to the Walkley and Black (W&B) 
method 6A1 in Rayment and Lyons (2010). 1 g of biosolids was weighed into a 250 mL 
Erlenmeyer flask. 10 mL of 0.5 M sodium dichromate was then added to the sample 
and the solution was swirled for few minutes. 20 mL of concentrated H2SO4 was then 
poured into the flask. After 30 min 170 mL of Milli Q water (H20) was added. Once the 
solution was cool, it was centrifuged, and the absorbance was measured at 600 nm. 
External standards were prepared using a 5000 mg/L standard sucrose solution. The 
stock solution was pipetted into conical flasks to prepare standards containing 0 - 50 
mg C. These solutions were heated in an oven at temperature < 65 °C to dryness. The 
conical flasks were then removed from the oven and cooled to room temperature. 
Carbon standards were analysed using the same procedure as the biosolids samples 
and used to create a calibration curve. 
2.5.2.4 C fractionation  
2.5.2.4.1 Size based C fraction   
Dissolved organic C (DOC) (< 0.045 µm) 
Dissolved organic C (DOC) was measured using the method reported by Bolan et al. 
(1996). The method involves adding 1:5 w/v ratio of biosolids and extraction with 0.5 
M potassium sulphate (K2SO4) solution and then shaken for 1 h. First the solution was 
filtered through a glass paper  and then vacuum filtered through a 0.45 µm membrane. 
The filtered solution was analysed for total organic C at ALS Laboratories using 
Shimadzu TOC-L analyser and reported as mg/kg of DOC. 
Coarse fraction (>53 µm) and fine fraction (<53 µm) 
The coarse and fine fractions were measured using the manual fractionation method 
reported by Baldock et al. (1989). Biosolids samples (10 g biosolids <2 mm) were added 
to 40 mL of a sodium hexametaphosphate (50 g L–1) solution of and dispersed by 
shaking on a flatbed orbital shaker overnight (14 h) at 180 rpm. The samples were 
passed through a sieve (53 µm) and material remaining on the sieves was manually 
spread with a spatula to ensure that no aggregates remained. All materials remaining 
on the sieves (coarse fraction >53 µm) were quantitatively washed into a pre-weighed 
250 mL Nalgene bottle. The materials passing through the sieve (fine fraction < 53 µm 
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+ DOC) were also washed quantitatively into separate 1 L LDPE (low-density 
polyethene) bottles. The samples were freeze-dried, and the dried material was milled 
and analysed for total C and N using the method described in section 2.5.2.3.3 (Total 
C and N method). To measure the fine fraction < 53 µm + DOC fraction, the DOC was 
subtracted from the fine fraction < 53 µm + DOC to get only a fine fraction <53 µm.    
2.5.2.4.2 Nuclear magnetic resonance spectroscopy  
Hydrofluoric acid treated sludge  
17 samples were collected and treated according to Smernik et al. (2003b). 0.6g of air-
dried  biosolids (< 2 mm) were transferred to the 10ml test tube. 2 % Hydro Fluoric 
acid was then added (ratio 1:17 w/v), and the biosolids were shaken for a period of 1h 
five times. Each time 2 % Hydrofluoric acid was decanted, replaced and then shaken 
for 16h three times and finally 64 h once. The residue was rinsed with deionised water 
and freeze-dried. The pre-treatment was done to remove interfering metals (mainly 
iron) and to concentrate up the C in the sample by removing the inorganic material to 
make it more detectable by the NMR.  
Cross polarisation 13C NMR 
Solid-state 13C magic angle spinning Varian 500 MHz NMR was used to analyse the 
biosolids. The biosolids treated with HF and dried was packed into a 4 mm, 46 µL 
Agilent zirconia rotor and spun at 10000 ± 10 Hz in an Agilent MAS probe. The NMR 
instrument settings were as follows: the 13C channel offset was set to -3000 Hz, the 
power to 56 dB, amplitude 4000 and pulse width to 5 µs. The 1H decoupler channel 
offset was set to 1000 Hz, the power to 58 dB, amplitude 4000 and pulse width to 5 
µs. A 2s recycle decay was used. For each spectra 1563 data points were collected over 
the acquisition time. Free induction decay (Fid) data were processed with 300 Hz 
exponential broadening. Chemical shift was externally referenced to the methyl 
resonance of Sodium Tetramethylsilane (TMS).   
2.5.2.4.3 Mid-Infrared spectroscopy of biosolids samples   
Samples for mid-infrared (Mid-IR) analysis were pressed into a disk containing 2 mg 
of biosolids and homogenised with 200 mg of KBr. The absorbance of the samples was 
measured from 4000 to 450 cm-1 using a PerkinElmer spectrum 100 Fourier 
transform infrared (FT-IR) instrument. 
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2.5.2.5  Statistical analyses 
Three types of statistical analysis were carried out. The first was correlation analysis 
using the Analysis Toolpack in Excel 2010. The second and third methods used  
Principal Component Analysis (PCA) and Partial Least Squares (PLS), respectively. 
Both the analysis were carried out using the Minitab 17 statistical software package.   
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2.6 Biosolids characteristics results 
2.6.1 Standard parameters measured on biosolids products 
pH, EC and volatile solids (VS) of biosolids products 
There was a pronounced diversity in biosolids even with the simplest of parameters 
such as pHw, pHCaCl2, EC1:5 and VS (Table 2.2). Biosolids pH can range from acidic to 
slightly basic i.e.  pHw and pHcacl2 can range from 3.7 - 8.8 and 3 - 8.1, respectively. 
EC1:5 of biosolids can range from very salty 1 dS/m to extremely salty 4.3 dS/m. The 
VS was particularly interesting as it relates strongly to the amount of organic content 
in biosolids. The VS was found to range from 12 % to 73 %, with Group 1 having the 
highest VS. 
Table 2.2: pH, EC and volatile solids (%VS) of the 17 Victorian biosolids 
products. 
Victorian 
biosolids 
groups 
Products pHw pHCaCl2 
EC1:5 
(dS/m) 
%VS 
Group 1 
(TDP) 
Thermally Dried 6 5.5 4.3 73 
Pelletised 6.7 5.9 2.3 72 
Group 2 
(< 3 yr.) 
Solar dried 6.4 5.5 3.4 66 
Centrifuged 6.3 5.4 2.6 49 
Clay drying bed 7.1 6.4 1 24 
Windrowed 5.7 5.2 3.2 34 
Belt press 7.3 6.4 1.6 68 
Group 3 
(Comp) 
Bio Compost 8.8 8.1 3.2 44 
90:10 Composted 
biosolids 
7.16 6.9 2.2 25 
100% Composted 
biosolids 
6.86 6.6 3.4 27 
Group 4 
(> 3 yr.) 
P2009A1 3.7 3 2.5 14 
P2009A2 5.3 5.1 2.5 16 
P2009B 6.1 5.7 1.7 12 
H2009 6.3 5.5 2.3 20 
R2009 6.7 6 2.6 16 
W2009 7.7 7.1 4.8 37 
E2009 8 7.1 5.1 51 
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Sodium Adsorption Ratio (SAR1:5) and Cation Ratio of Soil Structure Stability 
(CROSS1:5) of biosolids products  
Most biosolids SAR and CROSS values were within the range found in typical soils; 
namely 1.29 - 5.05 SAR1:5 and 2.15 - 11.1 CROSS1:5 respectively (Rengasamy and 
Marchuk, 2011). There was a diverse range of SAR1:5 and CROSS1:5 values between 
biosolids groups and even within the groups. The SAR1:5 values ranged from 0.87 - 14 
and CROSS1:5 values ranged from 0.4 - 15. Compared to other biosolids, the E2009 
product, compared to other biosolids product had highest EC 5.1 dS/m, SAR1:5 of 14 
and CROSS1:5 of 15. The application of products with high SAR1:5 and CROSS1:5 
increases the risk of causing soil permeability and dispersion problems and need to be 
more carefully managed compared to biosolids with low values SAR and CROSS.     
Table 2.3: SAR and CROSS results of the 17 biosolids products collected. 
Victorian 
biosolids groups 
Products SAR1:5 CROSS1:5 
Group 1 
(TDP) 
Thermally Dried 7.2 5.2 
Pelletised 2.3 5.3 
Group 2 
(< 3 yr.) 
Solar dried 2.3 1.1 
Centrifuged 2.1 2.1 
Clay drying bed 2.9 2.4 
Windrowed 0.87 0.5 
Belt press 3.4 3.6 
Group 3 
(Comp) 
Bio Compost 5.7 11 
90:10 Composted biosolids 5.1 7.4 
100% Biosolids Composted 5.5 6.9 
Group 4 
(> 3 yr.) 
P2009A1 1.2 0.51 
P2009A2 1.6 0.66 
P2009B 1.8 0.91 
H2009 1.7 0.61 
R2009 0.89 0.36 
W2009 8.2 3.5 
E2009 14 15 
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Exchange Properties of Biosolids Products 
There was a marked difference in CEC across all biosolids groups as well as within the 
groups. The biosolids CEC ranged from 16 to 60 cmol (+)/kg (Table 5).  From, an 
organic C stability point of view, high CEC may be beneficial. The greater abundance 
polyvalent cations such as Ca2+ and Mg2+ in soil and biosolids, the higher the possibility 
of forming ligand bridges with negatively charged functional groups contained within 
OM (Saidy et al., 2013). Based on the literature it can be hypothesised that biosolids 
with high CEC will have more stable OM than biosolids with low CEC. 
The exchangeable sodium percentage (ESP) was calculated from the data presented in 
Table 2.4. ESP is an import parameter being the ratio between the exchangeable 
sodium relative to other exchangeable cations. There was a broad range of ESP values 
found across the biosolids groups ranging from 1.2 - 23.8 %. Rengasamy and 
Churchman (1999) define soil with an ESP of > 6 % to be as sodic soil. Based on this 
soil indicator value, biosolids would be classified from non-sodic to extremely-sodic. 
The application of sodic biosolids product may cause the soil to become sodic over time 
which could cause problems like hard-setting of the receiving soil, waterlogging, 
reduced infiltration and reduced root growth mainly arising from swelling and 
dispersion of sub-soils (Rengasamy and Churchman, 1999). 
For most biosolids products, the CEC was dominated by exchangeable Ca2+ and had 
an ESP < 6 %. However, in some biosolids, the ESP was > 6 %, with values such as 11.7 
%, 6.9 %, 10.7 % and 28.8 % for thermally dried, belt pressed, W2009 and E2009 
biosolids, respectively. For each of the biosolids products that had an ESP > 6 %, the 
CEC was dominated by Na+ relative to all other cations. The E2009 sample was 
extremely sodic with an ESP 23.8 %. These latter 4 products would most likely cause 
induced or enhanced sodicity when applied to land.  
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Table 2.4: Major exchangeable cations and CEC of biosolids products 
collected. 
Victorian 
biosolids 
groups 
Products 
Ca 
(cmol(+)
/kg) 
K 
(cmol(+)
/kg) 
Na 
(cmol(+)
/kg) 
Mg 
(cmol(+)
/kg) 
CEC 
(cmol(+)/
kg) 
ESP*
% 
Group 1 
(TDP) 
Thermally 
Dried 
7 6.3 17.6 4.1 35 11.7 
Pelletised 6.6 14 26 2.4 49 4.9 
Group 2 
(<yr) 
Solar dried 34 3.1 20 2.4 60 4 
Centrifuged 16 3.9 22 1.8 44 4.1 
Clay drying 
bed 
28 2 16.4 1.5 48 3.1 
Windrowed 20 3.4 34 1.2 59 2 
Belt press 16.8 1.3 8.8 2 29 6.9 
Group 3 
(Comp) 
Bio 
Compost 
17.6 12 17 2.4 49 4.9 
90:10 
Composted 
biosolids 
18.2 3.1 8.4 1.1 31 3.6 
100% 
Biosolids 
Composted 
19 4.2 9 1.1 33 3.3 
Group 4 
(>3yr) 
P2009A1 12 0.53 3.2 0.29 16 1.8 
P2009A2 8.6 0.51 5.4 0.56 15 3.7 
P2009B 16.4 0.77 10.6 1 29 3.5 
H2009 46 1.2 12.8 1.3 61 2.1 
R2009 44 1 7.6 0.62 53 1.2 
W2009 32 1.3 10.2 5.2 49 10.7 
E2009 12 6.5 7.4 8.1 34 23.8 
* ESP = ((Exch. Na)/CEC)×100 or  (Exch. Na)/(Exch. Ca + Exch.  Mg + Exch. Na + 
Exch. K)×100 
2.6.2 Macronutrients elements (N, P & K) in biosolids products 
Biosolids Nitrogen  
Biosolids have a significant amount of N (Table 2.5). There was a strong correlation 
with Kjeldahl N and LECO N, with LECO N having slightly lower N concentration at 
higher Kjeldahl N concentrations (Figure 2.2). The LECO N and Kjeldahl N varied 
from 0.84 - 8.3 % and 0.76 - 8.3 %, respectively. These methods measure the total N 
pool in the biosolids but do not indicate the bioavailable N fraction. Group 1 biosolids 
showed the highest N concentration compared to all other groups of biosolids with 7.4 
- 8.3 % of total N and 7.4 - 8.3 % of Kjeldahl N. The Group 2 biosolids groups Total N 
by LECO, and Kjeldahl N ranged from 1.5 - 5.2 % and 1.1 - 5.5 %, respectively. The 
Group 3 biosolids groups Total N and Kjeldahl N ranged from 1 - 2.5 % and 1 - 2.5 %, 
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respectively. The Group 4 biosolids groups Total N by LECO and Kjeldahl N ranged 
from 0.84 - 4.4 % and 0.76 - 4.4 %, respectively. The Total N and Kjeldahl N results by 
the group were as follows: Group 1 > Group 2 (except, Windrowed and Clay drying bed 
samples) > Group 3 ≥ Group 4 (except, E2009 sample). The windrowed and clay 
drying bed biosolids were an exception in Group 2 due to the elevated clay content. 
The Group 4 (except, E2009 sample) windrowed and clay drying bed biosolids, were 
contaminated with clay from the drying beds during the drying process. Thus resulting 
in a lower LECO N and Kjeldahl N values due to the dilution from the clay. The other 
Group 3 samples were not contaminated with clay, resulting in higher N when 
compared to windrow and clay drying bed samples. The E2009 sample was the 
exception in Group 4 as a result of using a drying pan lined with cement treated 
crushed concrete (CTCC) unlike the other samples in Group 4 which were dried on a 
clay pan. 
Kjeldahl N and total N indicate the amount of Total N in the biosolids, but they give 
no information on how much of it is available for microbes and plants. Ammonia 
(NH3) and NOx are better indicators of how much nitrogen is available for plants NH3 
and NOx varied across all biosolids with levels ranging from 43 - 7800 mg N/kg and < 
0.1 - 1900 mg N/kg, respectively. Unlike, the Total N and Kjeldahl N there seems to be 
no apparent trend between the treatments and groups of biosolids with respect to NH3 
and NOx levels.  
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Table 2.5: Nitrogen results of 17 biosolids samples.  
Victorian 
biosolids 
groups 
Products 
Ammonia 
(NH3) (mg 
N /kg) 
NOx 
(mg 
N/kg) 
Kjeldahl N 
(%) 
Total N 
(%)1 
LECO N 
(%)2 
Group 1 (TDP) 
Thermally Dried 7200 2.5 8.3 8.3 6.685 
Pelletised 1700 1 7.4 7.4 6.613 
Group 2 
(<3yr.) 
Solar dried 870 < 0.1 5.9 5.9 5.202 
Centrifuged 1100 100 4.8 4.8 4.287 
Clay drying bed 620 160 1.1 1.1 1.514 
Windrowed 340 1900 2.2 2.4 2.211 
Belt press 2400 < 0.4 5.7 5.7 5.152 
Group 3 
(Comp) 
Bio Compost 1300 <1 2.5 2.5 2.18 
90:10 Composted 
biosolids 
43 42 1 1 1.004 
100% Biosolids 
Composted 
100 700 1.2 1.2 1.478 
Group 4 
(>3yr.) 
P2009A1 81 760 0.76 0.84 0.665 
P2009A2 790 600 0.88 0.94 0.846 
P2009B 710 9.8 0.68 0.68 0.62 
H2009 460 990 1.2 1.3 1.136 
R2009 260 1.1 0.96 1.1 1.3 
W2009 2400 4.1 1.9 1.9 2.03 
E2009 7800 <1 4.4 4.4 3.888 
 1 Total N= NH3 + NOX + Kjeldahl N 
2 Total N using LECO 
 
Figure 2.2: Comparison between LECO N and Kjeldahl N.  
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Biosolids Phosphorus  
Biosolids contain significant percentages of P 0.18 - 2.09 % (Table 2.6). Phosphorous 
percentage was varied across all groups, products and also dependent on the 
catchment area. There was a diverse range of total P levels between the biosolids 
groups as well as within the groups. The total P of Group 1 biosolids ranged from 1.18 
- 2.9 %. The Group 1 pelletised biosolids had the greatest total P compared to other 
samples measured. The total P of Group 2 biosolids ranged from 0.26 - 1.39 % and in 
Group 3 biosolids total P ranged from 0.21 - 0.64 %. The total P of Group 4 biosolids 
ranged from 0.18 - 1.96 %. Group 1 and 2 (except clay drying bed biosolids) had the 
highest total P  compared to Group 3 and 4 (except E2009 biosolids). Clay drying bed 
biosolids and E2009 biosolids had different P levels compared to rest of the group due 
to clay contamination and lack of clay contamination, respectively. 
Biosolids in this study were also analysed for Olsen-P.  The Olsen–P results (Table 2.6) 
of biosolids showed that there was a marked difference in Olsen–P across all products. 
The Olsen–P values of the biosolids products measured ranged from 106 - 1230 mg 
P/kg. The Olsen-P of Group 1 biosolids  ranged from 1147 – 903 mg P/kg. In the Group 
2 biosolids  Olsen-P ranged from 149-317 mg P/kg and in the Group 3 and Group 4 
biosolids Olsen-P ranged from 92 – 589 mg P/kg and 101 - 1230 mg P/kg, respectively.  
In Table 2.6 available P was calculated by assuming Olsen-P as a percentage of total P. 
However, only 1 – 10 % of the total P in the biosolids is available to plants. The 
aluminium and silica-rich products (i.e. clay drying pan, P2009A1, P2009A2, P2009B 
and H2009) which had relatively low total P and Olsen P had a significant percentage 
of P available to plants. It was evident that some biosolids which were low in total P 
(e.g. Group 4 stockpiled product) had a higher percentage of P available to plants. 
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Table 2.6: Olsen-P, Total P and Available P in biosolids products collected. 
Victorian 
biosolids 
groups 
Products 
Olsen-
P 
(mg 
P/kg) 
Error 
Total P 
(% P) 
Error 
Available 
P* 
(%) 
Group 1  
(TDP) 
Thermally 
Dried 
1147 44 1.180 0.003 10 
Pelletised 903 10 2.09 0.02 4 
Group 2  
(<3yr.) 
Solar dried 317 13 1.240 0.005 3 
Centrifuged 283 5 1.030 0.005 3 
Clay drying bed 189 2 0.260 0.003 7 
Windrowed 149 3 1.390 0.004 1 
Belt press 226 5 0.900 0.010 3 
Group 3  
(Comp) 
Bio Compost 589 11 0.640 0.003 9 
90:10 
Composted 
biosolids 
109 16 0.21 0.01 5 
100% Biosolids 
Composted 
92 2 0.230 0.004 4 
Group 4  
(>3yr.) 
P2009A1 123 1 0.190 0.002 6 
P2009A2 230 12 0.250 0.003 9 
P2009B 201 11 0.180 0.002 11 
H2009 327 7 0.320 0.004 10 
R2009 106 4 0.68 0.01 2 
W2009 101 3 0.35 0.01 3 
E2009 1230 20 1.96 0.02 6 
* Available P = (Olsen-P (%)/Total P (%)) × 100 
Biosolids Potassium  
Potassium (K) is an essential nutrient for plant growth. Even though biosolids have 
significant amounts of potassium, there was a large difference in potassium 
concentration across all biosolids groups. The total K across all groups ranged from 1.1 
- 0.096 %. Total K is an indicator of how much K is in the soil but does not indicate 
how much K is available or exchangeable for plants. A better indicator of plant 
available K is Skene K. The Skene K in biosolids group ranged from 440 - 9800 mg/kg. 
Most agronomically important plants require soil levels of 80 - 200 mg/kg (Gourley, 
1999). The Skene K in biosolids was found to be 2 - 55 times of the required levels for 
agronomically important plants and highlights the value of using biosolids as an 
alternative to traditional fertiliser. The 17 biosolids products were also analysed for 
exchangeable K, and these values ranged from 3.2 - 34 cmol (+)/kg. When compared 
to soil, an exchangeable K > 0.9 cmol (+)/kg would be considered high in soil (Gourley, 
1999).  
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The Skene K and total K data were used to determine the percentage of available K and 
the results of this calculation was shown in Table 2.7. The available K varied across all 
groups and ranged from 46 – 100 %. The available K result by groups was as follow 
Group 1 ≃ Group 2 (except, windrow and clay drying bed samples) ≃ Group 3 > Group 
4. The Group 4 biosolids and windrow and clay drying bed samples were higher in clay 
and are soil-like, and have the lowest available K. K binding strongly to the clay 
surfaces resulted in less extractable K.  
Table 2.7: Exchangeable K, Skene K, Total K and Available K for 17 biosolids 
products.  
Victorian 
biosolids 
groups 
Products 
Exchangeable 
K 
(cmol (+)/kg) 
Skene K 
(mg/kg) 
Total K 
(%) 
*Available 
(%) 
Group 1 
(TDP) 
Thermally Dried 17.6 6000 0.6 100 
Pelletised 26 8700 1.1 79 
Group 2 
(<3yr.) 
Solar dried 20 2300 0.23 100 
Centrifuged 22 2800 0.32 88 
Clay drying bed 16.4 1100 0.255 43 
Windrowed 34 1800 0.36 50 
Belt press 8.8 970 0.12 81 
Group 3 
(Comp) 
Bio Compost 17 9800 1.1 89 
90:10 Composted 
biosolids 
8.4 2200 0.27 81 
100% Biosolids 
Composted 
9 4100 0.27 100 
Group 4 
(>3yr.) 
P2009A1 3.2 440 0.096 46 
P2009A2 5.4 490 0.099 49 
P2009B 10.6 440 0.11 40 
H2009 12.8 750 0.15 50 
R2009 7.6 520 0.12 43 
W2009 10.2 990 0.28 35 
E2009 7.4 3500 0.58 60 
*Available K (%) = (Skene K (%)/Total K (%)) ×100   
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2.6.3 Elemental components of biosolids products  
Elemental analysis of biosolids products 
There were marked differences in C, N, P and S among the various biosolids product 
groups (Table A.1-Table A.5). For example, the Group 2 biosolids products had higher 
levels of C, N, P and S when compared to the Group 4 biosolids products (Table A.1-
A.5). The average levels of C, N, P and S for the Group 2 biosolids products were 24 %, 
3 %, 1 %, and 0.74 %, respectively. These levels for the Group 4 biosolids were 12 %, 
1.4 %, 0.6 %, and 0.45 %. These differences could be attributed to the age of biosolids 
as well as the dilution of Group 4 biosolids with clay mineral matter.  
Differences also existed within a product group. For example, within the Group 4 
biosolids, the C and N levels for Melbourne Water biosolids were higher than the 
corresponding levels for South East Water biosolids. Again, this difference reflected 
the different sludge treatments and harvesting processes used in the production of 
biosolids. 
Differences in Si and Al levels among products are of some interest since these are not 
routinely measured parameters in biosolids destined for land application. Data from 
this study showed higher levels of Si and Al in the Group 4 biosolids group when 
compared to the products in all other groups (Table A.1-A.5).  The exception is the clay 
drying bed biosolids in the Group 2 biosolids group, where biosolids were produced by 
drying sludge on clay drying beds. Consequently, clay from the drying bed was 
inadvertently added to the biosolids during the harvesting operation resulting higher 
Si and Al (Table A.1-A.5) and higher clay in this product. 
As expected, Si and Al levels for the thermally dried and pelletised biosolids were 
considerably lower when compared to corresponding levels for the Group 4 biosolids 
products. Further, differences in Si and Al levels were also found within this group. All 
SEW biosolids and one MW biosolids (W2009) were higher in Si, Al and Clay when 
compared to MW’s E2009 biosolids. As discussed previously, the E2009 biosolids 
were harvested from the cement treated crushed concrete (CTCC) lined drying pans. 
All other biosolids in the Group 4 biosolids group were harvested from clay-lined 
drying pans. For example, during sludge drying process, SEW used a boom towed by 
a tractor as well as swamp dozer to mix the drying sludge crust into the bulk of the 
sludge in the clay-lined drying pans (Crosher, 2008). These two separate operations 
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(booming and swamp dozing) enable rapid sludge drying in summer months but 
inadvertently also result in the simultaneous removal of clay from the drying pan liner 
(Crosher, 2008). The resulting biosolids product (after minimum 3 yr storage) then is 
a T1C2 product with added clay. Clays are mostly aluminosilicates, and therefore 
biosolids containing clay mineral matter are expected to have higher levels of Si and 
Al when compared to biosolids without clay mineral matter. 
Cu and Zn in Biosolids  
There was an abundance of Cu and Zn in biosolids with a diverse range of 
concentrations depending on catchments. In order to represent the broad range of 
metal data for the biosolids product, a box plot was constructed. The box plot of 9 
heavy metals which are specified by the Victorian EPA guidelines for application 
biosolids showed that Zn and Cu had the most significant levels in the biosolids (Figure 
2.3) (Vic EPA, 2004). Copper and Zn had the highest concentration followed by Cr, Ni 
and Pb to a lesser extent. Cu and Zn only account for less than 0.02 % of the total 
biosolids mass. Zn ranged from 75 - 1158 mg/kg, and Cu ranged from 31 - 759 mg/kg 
across all the biosolids products analysed. The Cu and Zn concentration varied in the 
17 biosolids samples. One reason for the variation in Cu and Zn concentration in the 
biosolids sample may be dependent on the source or catchment that the sewage is 
collected from to produce biosolids as well as the material that has been added to 
biosolids as part of the treatment process. For example, the 90:10 composted biosolids 
and the 100% composted biosolids have the lowest concentration due to being diluted 
by green waste and the P2009A1, P2009A2, P2009B, H2009 and clay drying bed 
biosolids that have been unintentionally diluted with clay during the drying process.   
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Figure 2.3: Boxplot of Heavy Metals (As, Cd, Cu, Cr, Hg, Ni, Pb, Se and Zn).  
 
Figure 2.4: Total zinc levels of the 17 Victorian biosolids products. 
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Figure 2.5: Total copper levels of the 17 Victorian biosolids products. 
2.6.4 Biosolids C  
Biosolids organic C  
The biosolids products have the potential to contribute to soil C sequestration via land 
application. Organic C (OC) is not a routinely measured parameter in the biosolids 
management industry unlike other organic waste sectors (e.g. the compost industry). 
Organic C levels in the 17 biosolids products investigated ranged from 6 – 35 % (Figure 
2.6). On average, the OC concentration in the 4 product groups followed the order of 
Group 1 (34 %) > Group 2 (23 %) > Group 3 (21 %) > Group 4 (12 %).  The lowest OC 
levels in the Group 4 biosolids group could be attributed to the fact that these biosolids 
harvested from clay-lined drying pans were stockpiled for a minimum period of 3 
years. The long stockpiling period may result in some liable C being mineralised during 
the time. Equally important the fact is that the clay impurity in the biosolids has 
diluted the OC. Also, there was an almost 1:1 correlation with total C and OC which 
was due to biosolids having negligible amounts of carbonates (Figure 2.7). 
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Figure 2.6: Percentage of organic C of the 17 biosolids products. 
 
Figure 2.7: Percentage total C vs. percentage of organic C for the 17 biosolids 
products. The dashed line illustrates a 1:1 relationship. The trend line 
demonstrates a strong relationship between the percentage total C and 
percentage organic C. 
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2.6.5 Biosolids C to nitrogen ratio (C:N) 
There was a marked difference in C:N ratio between biosolids groups as well as within 
the group (Table 2.8). The 17 biosolids products analysed had a C:N ratio ranging from 
5.26 to 13.40. The C:N ratio is an important parameter as it indicates how much C is 
there relative to nitrogen. It is crucial because the mineralisation and decomposition 
of organic matter are microbial driven, and microbes require nitrogen as an essential 
nutrient to break down and mineralise the C. OM with high C:N ratio will generally 
mineralise slowly when compared to OM with a low C:N ratio (Tong et al., 2009). The 
C:N ratio varied between the groups and individual samples. The C:N ratio of Group 
1, Group 2, Group 3 and Group 4 biosolids groups ranged from 5.2 - 5.8, 6.1 - 6.9, 11.9 
-13.4 and 6.5 - 10.3, respectively. The C:N ratio from the highest to lowest by the group 
was as follows Group 3 > Group 4 ≥ Group 2 > Group 1. As expected, the composted 
biosolids had the highest C:N ratio. The higher C:N ratio is due to plant matter and 
wood material added to compost to reach optimum C:N ratio for composting. The 
Group 1 has the lowest C:N due to the fast-drying process at > 200 ◦C which does not 
allow for loss of volatile solids and preserve both nitrogen and C. Some decomposition 
studies indicated an increase in decomposition with decreases in C:N ratio (Bolan et 
al., 2014, Tong et al., 2009). Based on this assumption it can be said that Group 3 and 
Group 4 biosolids should have lower decomposition rate when compared to Group 1 
and Group 2 biosolids which should have the highest. 
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Table 2.8: The C:N ratio of the 17 biosolids products. 
Victorian biosolids 
groups 
Biosolids products C:N 
Group 1 (TDP) 
Thermally Dried 5.84 
Pelletised 5.26 
Group 2 (<3yr.) 
Solar dried 6.45 
Centrifuged 6.11 
Clay drying bed 6.75 
Windrowed 6.69 
Belt press 6.85 
Group 3 (Comp) 
Bio Compost 12.28 
90:10 Composted Biosolids 13.4 
100% Biosolids Composted 11.92 
Group 4 (>3yr.) 
P2009A1 8.51 
P2009A2 7.24 
P2009B 8.2 
H2009 7.83 
R2009 9.26 
W2009 10.32 
E2009 6.56 
 
2.6.5.1 Biosolids C Fractions  
Figure 2.8 shows the size fractionation of biosolids C. There were 3 size fractions 
measured in the graph below for each of the biosolids products. The first is the, 
dissolved organic C (DOC) which is the < 0.45 µm fraction which was small organic 
molecules free from the colloidal and mineral components of the soil. The second is < 
53 µm fine fraction and this fraction is associated with the silt+clay fraction and 
contains humus material, the third is > 53 µm coarse fraction material which is 
associated with the particulate organic C (POC). The POC fraction is organic C that is 
free from the soil mineral component. The total C results in Figure 2.8 is the sum of 
all 3 C fractions measured. 
The concentration of C in each of the fractions varied across the biosolids; DOC (<0.45 
µm) ranged from 0.03 - 2.1 %, the fine fraction (< 53 µm) ranged from 2.5 - 21.3 %, a 
coarse fraction (> 53 µm) ranged from 1.4 - 26.9 %. The Group 2 biosolids have 
relatively higher > 53 µm fraction compared to the Group 4 biosolids which may 
indicate that prolonged stockpiling of biosolids may reduce the > 53 µm fraction. 
While the < 53 µm fine fraction is approximately constant in Group 4 biosolids, as a 
result of the fine fraction having more stable forms of C. Based on the literature, 
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organic C that associated with the < 53 µm in soil is related to the recalcitrant or the 
passive pool, while DOC and > 53 µm fraction are associated with the active pool which 
is mineralised quickly.   
 
Figure 2.8: Percentage C of the DOC, Coarse, Fine, and Total C fractions.  
Figure 2.9 shows the C:N ratio of the < 53 µm and the > 53 µm fractions. The C:N ratio 
may relate to the stability of C in the fraction. It is widely reported in soil research 
literature that C:N ratio may affect the mineralisation of soil C. In the same way, the 
mineralisation of these fractions may increase with a decrease in C:N ratio.  The C:N 
ratio in the > 53 µm fraction varies between biosolids groups, and within some 
biosolids groups in some instances. For example, bio compost had much higher C:N 
ratio compared to the rest of the groups. The higher C:N ratio in the > 53 µm fraction 
might mean higher stabilisation in the Group 3 biosolids compared to other biosolids 
groups. A similar result can be observed in the < 53 µm fraction.   
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Figure 2.9:  Results of C:N ratio in the fine and coarse fraction in biosolids.  
2.6.5.2 NMR of Biosolids Samples   
2.6.5.2.1 C 13 cross polarisation (CP) Solid State NMR 
NMR is potentially a powerful tool for the characterisation of biosolids organic matter 
and organic C. The 13C NMR analysis of the four biosolids groups revealed large 
differences across the groups and also similarities within the groups (Figure 2.10 and 
Table 2.9). The NMR spectrum was integrated and the area under each of the chemical 
shift regions for Cyl (190 - 165 ppm), aryl (165 - 110 ppm), O-alkyl (110 - 45 ppm) and 
alkyl (45 - 0 ppm) was determined and represented as a percentage of the total area or 
total signal (Table 2.9).  
 Cyl group (190-165 ppm) 
There was a diverse range of results in Cyl chemical shift region from the 17 biosolids 
measured. The Cyl chemical shift region accounted for 0.4 % - 18 % of the signal. In 
Group 1 biosolids 1 % - 17 % of the signal was in Cyl Chemical shift region, in Group 2 
biosolids 1 % - 9 % of the signal was in Cyl chemical shift region, in Group 3 biosolids 
0.4 % - 13 % of the signal was in Cyl chemical shift region and in Group 4 biosolids 6 
% - 18 % of the signal was in Cyl chemical shift region. The Group 2 biosolids had lower 
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Cyl compared to Group 4 biosolids except for Melbourne water W2009 and E2009 
biosolids groups. The Cyl group may have increased during the 3 yr Stockpiling period. 
Bacteria biomass produced because of the 3 yr stockpiling process results in amide and 
carboxyl groups which would account for the strong Cyl resonance at 190-165 ppm.  
Aryl group (165 - 110 ppm) 
The signal aryl chemical shift region varied and accounted for 1 % - 32 % of the total 
signal. The signal in this region is a result of 13C nuclei in an aromatic ring (Adani and 
Tambone, 2005, Hockaday et al., 2009). In Group 1 biosolids 7 % - 14 % of the signal 
was in aryl chemical shift region, in Group 2 biosolids 5 % - 12 % of the signal was in 
aryl chemical shift region, in Group 3 biosolids 1 % - 32 % of the signal was in aryl 
chemical shift region and in Group 4 biosolids 12 % - 25 % of the signal was in aryl 
chemical shift region. Aromatic rings tend to be more stable in the soil biosolids 
samples while a higher percentage of their OM containing aromatic rings may result 
in higher sequestration potential.      
O-alkyl group (110 - 45 ppm) 
The O-alkyl chemical shift region results were diverse with a range from 33 % - 59 % 
of the Cs in the O-alkyl fictional group. The O-alkyl chemical shift region had the 
highest percentage of the signal in 17 biosolids samples compared to all the other 
chemical shift regions. In Group 1 biosolids 41 % - 54 % of the signal was in O-alkyl 
chemical shift region, in Group 2 biosolids 49 % - 59 % of the signal was in O-alkyl 
chemical shift region, in Group 3 biosolids 34 % - 58 % of the signal was in O-alkyl 
chemical shift region and in Group 4 biosolids 33% - 55% of the signal are in O-alkyl 
chemical shift region. Sugars found in biosolids due to the microbial biomass in the 
biosolids. Cellulose found in biosolids due to biosolids being mostly human waste and 
human unable to digest cellulose resulting cellulose present in the biosolids.    
Alkyl group (45-0 ppm) 
The alkyl chemical shift region results were varied with a range from 21 % - 47 % of the 
Cs in the alkyl functional group. In Group 1 biosolids 29 % - 38 % of the signal was in 
alkyl chemical shift region, in Group 2 biosolids 24 % - 37 % of the signal was in alkyl 
chemical shift region, in Group 3 biosolids 22 % - 47 % of the signal was in alkyl 
chemical shift region and in Group 4 biosolids 21 % - 36 % of the signal was in alkyl 
chemical shift region. Bacteria cell membranes which consist mainly of 
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Glycerophospholipids account for the high alkyl nature of the bacterial biomass and 
residues (Smernik et al., 2003a). 
 
Figure 2.10: Examples of 13C  cross polarisation (CP) Solid NMR results. 
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Table 2.9: Percentage of 13C nuclear magnetic resonance (NMR) signal 
contained in four chemical shift regions in the 13C spectrum for 17 biosolids 
products.  
Victorian 
biosolids 
groups 
Products 
Cyl (190-
165 ppm) 
(%) 
Aryl 
(165-110 
ppm) (%) 
O-alkyl 
(110-45 ppm) 
(%) 
Alkyl 
(45-0 
ppm) (%) 
Group 1 (TDP) 
Thermally Dried 17 14 41 29 
Pelletised 1 7 54 38 
Group 2  
(< 3yr.) 
Solar dried 8 5 51 36 
Centrifuged 3 11 58 28 
Clay drying Bed 1 11 59 29 
Windrowed 5 10 49 37 
Belt press 9 12 55 24 
Group 3  
(Comp) 
Bio Compost 13 32 34 22 
90:10 Composted 
biosolids 
3 1 48 47 
100% Biosolids 
Composted 
0.4 19 58 22 
Group 4 
(> 3 yr.)  
P2009A1 18 13 33 36 
P2009A2 11 13 38 37 
P2009B 14 20 36 29 
H2009 14 22 39 25 
R2009 14 25 39 21 
W2009 9 12 55 24 
E2009 6 14 53 27 
 
NMR characterisation of biosolids  
The 13C NMR showed to be a useful tool for the characterisation of biosolids OC. The 
NMR spectra showed the difference between Groups. The differences in biosolids were 
found to be due to the differences in treatments, and this resulted in different 
percentage for the signal in the four shift regions. In the case of Group 3 biocompost, 
the differences were due to the addition of foreign material (e.g. green waste) that 
altered OC and resulted in differences in the spectra. Using the critical information 
gained from the NMR spectra in the following discussion section the spectra was 
combined with established statistical techniques to test if the biosolids were grouped 
correctly based on the NMR data.  
2.6.5.3 Mid-Infrared Spectroscopy of Biosolids Products  
Mid-infrared (Mid-IR) could be a useful tool for the characterisation of biosolids. 
Figure 2.11 shows the IR spectra of 17 biosolids products. As figure shows, there are 
regions of the IR spectra that have marked differences and some with little or no 
difference yielding little useful information. The standard deviation (stdev) of all 17 
samples’ absorbance was plotted against wavelength in cm-1 (Figure 2.12), this was 
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done to highlight the regions with the most importance in the spectrum. In the stdev 
plot, there are two regions with the most significant (i) 1795 - 450 cm-1 and (ii) 3700 -
2820 cm-1. The region of most interest is the 1795 - 450 cm-1 region because this is 
where absorption from amides and also Si-O and O-H vibrations are relating to clay 
(Table 2.10). These regions 1700 - 1600 cm-1, 1300 - 800 cm-1 and 500 - 450 cm-1 
positively correlate with clay, and the rest of the regions negatively correlated with C 
(Table 2.10). Carbon and clay in the IR spectrum were inversely correlated as a result 
of clay diluting C in the biosolids. The 3700 - 2820 cm-1 region strongly correlated with 
C most likely due to the N-H and O-H stretching from organic matter. The O-H 
stretching may indicate the presences of cellulose in the biosolids samples. 
Examination of the entire spectrum shows kaolinite clay in most of the biosolids 
measured, this was evidenced by Si–O stretching at 3,700 - 3,500, 2,000 - 1,500, 800 
– 1,200 cm-1 (Table 14) (Du and Zhou, 2009). This result can be corroborated by the 
XRD results in Table 12. There was a marked difference between the 4 groups of 
biosolids (Figure 2.13). These differences in the IR spectra related to the bonds that 
are typically found with the following parameters C, N, Si, Al, Clay, silt and sand found 
in biosolids.  
 
Figure 2.11: IR (KBr) spectra of the 17 biosolids.  
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Figure 2.12: Standard deviation (stdev) plot of the 17 biosolids sample.  
 
Figure 2.13: Mid-infrared of the 4 biosolids groups.  
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Table 2.10: Table of chemical bonds relating to absorption bands in the MID-IR 
spectrum.  
Bonds Absorbance(cm-1) References 
C-H 3000-2850 Du and Zhou (2009) 
C=C 1650 (weak) 
C=O 2500-1500 
C-N 2300-2200 
N-H 3400-3300 
O-H 4000-2500 
Amide 1665-1532 Adani and Tambone (2005) 
Boyd et al. (1980) 
Amide I 1532-1520 Boyd et al, (1980) 
Amide II 1665-1655 Boyd et al, (1980) 
 Adani and Tambone (2005) Aliphatic moieties 1374-1455 
Inorganics (clay) 
Si-O 
Si-O-Si 
 
1100-970 
800-600 
540-400 
White and Roth (1986) 
OH liberation 
(dioctahedral) 
950-915 White and Roth (1986)   
2.6.6 Biosolids mineral component  
2.6.6.1 Biosolids particle size distribution 
The Group 4 biosolids that were collected from SEW and MW, as well as two Group 2 
biosolids from WW all appeared very similar to soils visually and could even be 
classified as  “Anthroposols” (man-made soils) under the Australian classification 
system (Terrain and Isbell, 2016). The higher levels of clay in all SEW biosolids, one 
MW biosolids (W2009), and two WW biosolids (clay drying bed and windrowed) 
(Table 2.11) were due to the inadvertent addition of clay impurity from the clay-lined 
drying pans/beds and sludge harvesting methods employed. The clay impurity is likely 
to dilute nutrient contents, thereby resulting in a lower fertiliser value in the clay 
contaminated biosolids.  
From Table 2.11 it is evident that clay is present in all biosolids. Pure biosolids in Group 
1 and 2 are samples with no clay impurity added during the treatment process and 
have clay content ranging from 5 – 10 %. Theses pure biosolids samples includes 
thermally dried and pelletised, centrifuged, belt pressed and solar-dried biosolids. The 
pure biosolids suggests that raw sewage naturally has some background clay mineral 
matter. Clay content values over and above this range could be attributed to clay 
mineral matter from other sources. There are 4 primary sources of clay mineral matter 
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finding its way into biosolids, viz. (i) raw sewage (ii) infiltration into sewage pipes 
during rain events, (iii) soil dust around the treatment plant, and (iv) clay lined drying 
pans. In South East Water biosolids; clay lined drying pans can contribute 20 – 25 % 
additional clay which is a substantial amount. On average, the Group 4 products had 
more clay (26 %) than the Group 2 products (17 %). Differences in clay levels between 
E2009 Melbourne Water biosolids and South East Water biosolids seems to arise from 
the different liners used in the sludge drying pans and harvesting procedures as 
mentioned before. 
Table 2.11: Percentage clay, silt and sand in each of the 17 biosolids products. 
Victorian 
biosolids 
groups 
Sample ID Clay (%) Silt (%) 
Sand 
(%) 
OM1 
(%) 
Group 1 (TDP) 
Thermally Dried 5 12 35 67 
Pelletised 5 5 46 60 
Group 2 
(<3yr.) 
Solar dried 10 11 32 58 
Centrifuged 7 24 41 45 
Clay drying Bed 41 16 26 18 
Windrowed 19 8 21 25 
Belt press 8 43 12 61 
Group 3 
(Comp) 
Bio Compost 14 11 37 46 
90:10 Composted biosolids 7 5 51 20 
100% Biosolids Composted 7 5 47 28 
Group 4 
(>3yr) 
P2009A1 35 19 16 10 
P2009A2 36 20 25 11 
P2009B 37 12 38 9 
H2009 34 13 30 15 
R2009 15 1 45 18 
W2009 16 17 25 36 
E2009 7 8 19 44 
1Percent organic matter (OM) was calculated as Total C × 1.724, assuming all C in 
biosolids is organic C, 2 composting facilities. Note: Clay + Silt + Sand + OM may not 
always add up to 100 % due to an artefact of conversion factor used in calculating OM. 
The clay, silt and sand fraction from Table 2.11 were calculated to add up to 100%, and 
the results were displayed in Table 2.12. The texture in biosolids varied from clay to 
sandy-loam. The Group 1 biosolids thermally dried and pelletised was textured as 
sandy-loam and loamy-sand, respectively. The Group 2 solar-dried and centrifuge 
biosolids were textured sandy-loam, the clay drying bed biosolids and windrowed 
biosolids were textured as clay due to the clay contamination and the belt press 
biosolids were classified as silty-loam. The Group 3 Biocompost, the 90:10 composted 
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biosolids and the 100% biosolids compost was textured as sandy-clay-loam, loamy-
fine-sand and sandy-loam, respectively. The Group 4 biosolids P2009A1, P2009A2, 
P2009B and H2009 products were classified as clays. While the R2009, W2009 and 
E2009 were classified as sandy-clay-loam, clay-loam and sandy-clay-loam, 
respectively.       
Table 2.12: Texture of biosolids using soil texture diagram and PSA data. 
Victorian biosolids 
groups 
Products 
Clay 
(%) 
Silt 
(%) 
Sand 
(%) 
Biosolids Texture 
Group 1 (TDP) 
Thermally Dried 10 23 67 Sandy Loam 
Pelletised 9 9 82 Loamy fine sand 
Group 2 (<3yr.) 
Solar dried 19 21 60 Sandy Loam 
Centrifuged 10 33 57 Sandy loam 
Clay drying Bed 49 19 31 Clay 
Windrowed 40 17 44 Clay 
Belt press 13 68 19 Silty loam 
Group 3 (Comp) 
Bio Compost 23 18 60 Sandy clay loam 
90:10 Composted 
biosolids 
11 7 82 Loamy fine Sand 
100% Biosolids 
Composted 
12 8 80 Sandy loam 
Group 4 (>3yr.) 
P2009A1 50 27 23 Clay 
P2009A2 44 25 31 Clay 
P2009B 43 14 44 Clay 
H2009 44 17 39 Clay 
R2009 25 2 74 Sandy clay loam 
W2009 28 29 43 Clay loam 
E2009 21 24 56 Sandy clay loam 
Note: %Clay+%sand+%silt = %100  
2.6.6.2 X-Ray Diffraction of biosolids products 
XRD analysis of the biosolids revealed that biosolids clay was dominated by quartz and 
amorphous crystal (Table 2.13). The quartz comes from both the sewage and 
contamination from soil and clay drying beds. Products which were not contaminated 
with minerals during the treatment process typically contained 2 – 4 % of quartz. In 
contrast biosolids products in an open environment had a higher quartz concentration 
ranging from, 7 – 48 %.  R2009, 90:10 composted biosolids and 100 % biosolids 
composted from treatment plants and composting facilities located close to the 
coastline had the highest concentration of quartz in the sample. The R2009, 90:10 
composted biosolids and 100 % biosolids composted quartz value were 46 %, 41 % and 
48 %, respectively. The origin of the quartz in these samples can be attributed to a 
multiple of sources, the primary sources being from clay drying beds and also the 
quartz particles wind errored from the beach and surrounding soil. The amorphous 
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(non-crystalline) material is mainly of broken glass and amorphous C that ended up 
in the treatment plant. There is no notable trend except samples with high C 
concentration have a higher percentage of amorphous material; correlation analyses 
show an R of 0.87. The high positive correlation result showed that amorphous 
material in biosolids was dominated by organic C. Samples with high C tend to have 
low contamination inorganic material (i.e. clay), which results in lower dilution of the 
amorphous material resulting higher percentage of amorphous material. The 
dominant clay mineral tended to be from the kaolin, illite/mica and smectite groups. 
The kaolin group is one of the dominant clay minerals. There was a marked difference 
in the percentage of kaolin within each biosolids group as well across all groups. In the 
biosolids, kaolin ranged from 0-15, and simetite ranged from 0 – 5 %. The XRD result 
showed that biosolids have a mineral component, and these mineral components can 
vary between each group as well as within same groups.  
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Table 2.13: Mineral component for 17 biosolids products.  
Victorian 
biosolids 
groups 
Products 
Quartz 
(%) 
Calcite 
(%) 
Albite 
(%) 
Orthoclase
/ 
Microcline 
(%) 
Kaolin 
(%) 
Illite
/ 
Mica 
(%) 
Smectite 
(%) 
Talc/ 
Pyrophyllite 
(%) 
Gypsum 
(%) 
Halite 
(%) 
Rutile 
(%) 
Hematite
/ 
Goethite 
(%) 
Garnet 
(Pyrope/ 
Majorite) 
(%) 
Amorphous 
(non 
crystalline) 
(%) 
(%) 
Group 1 
(TDP) 
Thermally Dried 4 <1 1 <1 2 1 2 0 0 0 0 0 0 90 100 
Pelletised 2 <1 0 0 0 0 0 0 0 0 1 0 0 97 100 
Group 2 
(<3yr.) 
Solar dried 4 2 <1 <1 3 0 2 2 <1 0  0 0 87 100 
Centrifuged 7  1 <1 4 0 2 <1 0 0 <1 0 0 86 100 
Clay drying Bed 17 1 1 0 11 3 2 0 0 0 <1 1 0 64 100 
Windrowed 19  1 0 6 2 2 0 0 0 <1 <1 0 70 100 
Belt press 3 <1 <1 0 2 2 <1 2 0 0 <1 0 0 91 100 
Group 3 
(Comp) 
Bio Compost 21 <1 2 <1 3 <1 2 0 0 <1 0 0 0 72 100 
90:10 Composted 
biosolids 
41 <1 2 <1 5 1 2 0 0 0 0 0 0 49 100 
100% Biosolids 
Composted 
48 <1 2 <1 4 1 2 0 0 0 0 0 0 43 100 
Group 4 
(>3yr.) 
P2009A1 28 0 1 0 9 1 5 0 <1 0 <1  0 56 100 
P2009A2 32 0 2 0 12 2 4 0 1 0 <1 <1 0 47 100 
P2009B 30 0 2 <1 14 3 4 0 <1 0 <1 <1 0 47 100 
H2009 29 0 1 0 15 2 2 0 1 0 <1 1 0 49 100 
R2009 46 4 3 3 4 0 2 3 <1 0 0 <1 0 35 100 
W2009 20 1 1 0 8 5 0 3 1 1 1 0 0 59 100 
E2009 6 <1 1 <1 2 2 2 1 0 <1 <1 0 0 86 100 
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2.7 Discussion  
2.7.1 Biosolids groups  
The biosolids products investigated in this study were characterised chemically and 
physically in order to determine if the initial grouping of the biosolids products was 
consistent with their composition. Based on the results described in this chapter it was 
established that biosolids could be classified to reflect their processing and 
management better and to define products that can be targeted for specific beneficial 
uses. This new classification system is presented in the section below. 
2.7.2 Conventional parameters  
Standard parameter 
There are marked differences in pH, EC, and volatile solids across all 17 biosolids 
(Table 2.2). The pH ranged from slightly basic to acidic. The pH of biosolids could 
affect the pH of the receiving soil altering the availability of nutrients and metals in 
the soil. Based on soil salinity criteria most of the biosolids would be considered as 
very saline to extremely saline within the range of  EC1:5 1 - 5 dS/cm, (Shaw, 1999). 
When these biosolids are applied to land with existing salinity issues, they could 
aggravate the problem.  
The VS varied across all the groups, and it was also found that Group 1 biosolids had 
the highest amount of VS. It was found that VS correlated with C, N, clay, Al and Si 
(Table 2.14). VS were highly correlated with C, and N due to, VS being a mesure of the 
mass loss from burning organic matter (OM) at 550 ◦C. The OM fraction in biosolids 
contains both C and N resulting in a strong positive correlation of VS with C and N. VS 
had a low negative correlation with clay due to the mineral or inorganic residue being 
left over from the combustion processes.  
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Table 2.14: Correlated parameters with their regression equations and 
respective R2 values (n=17). 
Parameters 
that correlated 
x-axis y-axis Line equation R2 Positive (+)  
/Negative (-) 
correlation  
%VS vs. %C %VS %C y=0.53x-046 0.97 Positive (+) 
%VS vs. %N  %VS %N y=010x-0.90 0.95 Positive (+)   
%VS vs. %Clay %VS %Clay y= -0.445x+34.765 
y=0.0106x2-3516x+49.269 
0.53 
0.60 
Negative (-)   
%Clay vs. %Al %Clay %Al y= 0.26x+1.98 0.78 Positive (+)   
%Clay vs. %Si %Clay %Si y= -0.69x+32 0.83 Negative (-)   
%Clay vs. %C %Clay %C y= -0.69x+32 0.63 Negative (-)   
%C vs. %N %C %N y=0.17x-0.64 
y=0.00043x2-0.010x+0.7316 
0.88 
0.93 
 
Positive (+) 
 
SAR1:5 calculations indicate the abundance of Na+, relative to Ca2+ and Magnesium 
Mg2+ in the soil solution. While SAR only accounts for Na+ CROSS take into account 
both Na+ and K+. SAR and CROSS in biosolids indicate what proportions of the major 
monovalent cations are in the biosolids solution compared to the divalent cations. 
Most biosolids SAR and CROSS were within the range found in typical soils 1.29 - 5.05 
SAR and 2.15 - 11.1 CROSS (Rengasamy and Marchuk, 2011). The E2009 product, 
compared to all the sample had the greatest sodic with EC 5.1 dS/m and had the 
highest SAR of 14 and CROSS of 15. For example, the E2009 sample solution was 
dominated by Na+ and a lesser amount of K+. The application increases the risk of 
causing soil permeability and dispersion problems and needs to be more carefully 
managed compared to biosolids with low values of SAR and CROSS. 
Cation exchange capacity is a routinely measured soil parameter. CEC indicates the 
negative sites in the soil and the ability of soils to hold cation (Rengasamy and 
Churchman, 1999). The application of biosolids showed an increase of CEC in soil 
(Bergkvist et al., 2003). Biosolids can contain higher concentration of clay and organic 
matter which translates to higher cation exchange capacity of biosolids. There was a 
marked difference in CEC across all biosolids groups as well as within the groups. 
There was a diverse range of CEC measured in the 17 biosolids. In most samples, the 
CEC was dominated by exchangeable Ca2+ and had ESP < 6 % except for thermally 
dried (11.7 %), belt press (6.9 %), W2009 (10.7 %), and E2009 (23.8 %) biosolids which 
were dominated by Na+.  
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Biosolids macronutrients  
Nitrogen (N) is one of the macro nutrients essential for plant growth. This study found 
that total N varied widely across the biosolids groups. There might be a multitude of 
factors affecting the parameter, e.g. catchment, treatment and the microclimate in the 
storage area. Nitrogen is important from a C mineralisation point of view because 
research has shown that organic matter mineralisation is dependent on nitrogen 
abundance relative to C or C:N ratio (Tong et al., 2009). The Total N and Kjeldahl N 
results by the group were as follows Group 1 > Group 2 (except, Windrowed and Clay 
drying bed samples) > Group 3 ≥ Group 4 (except, E2009 sample) (Table 2.5). There 
was a strong correlation between Total N and Kjeldahl N (Figure 2.2). This means 
Group 1 biosolids have the greatest fertiliser value while Group 4 has the least fertiliser 
value. The C: N ratio is an important parameter which indicates how much C is there 
to nitrogen and is shown to affect C and nitrogen mineralisation. The C:N ratio varied 
from 5.3 - 13.4 (Table 2.8).  The C:N ratio from greatest to lowest by the group was as 
follows Group 3> Group 4 ≥ Group 2 > Group 1. The C:N ratio result indicated that 
group 3 biosolids would have the lowest mineralisation rates and greater C stability 
compared to group 1 biosolids which will have the greatest mineralisation rates. N and 
clay were found to be inversely correlated due to dilution of N by clay in the clay rich 
biosolids (Table 2.15).  
Phosphorus (P) is is one of the macro nutrients important for plant growth. The Group 
1 and 2 (except Clay drying bed biosolids sample) biosolids had the highest total P 
compared to Group 3 and 4 (except E2009 biosolids sample). Olsen P was also 
measure across all biosolids groups. In soil, Olsen-P is used as an indicator of the 
amount of P available to plants and was used in this as an indicator of P availability 
from the biosolids products. An Olsen–P of 30 mg P /kg is required to produce 95 % 
of maximum pasture production (Dougherty, 2006). One kilogram biosolids contain 
4 - 41 times of the required amount of  P for pasture production which could result in 
nutrient contamination for receiving environments. 
The total K ranged from 1.1 - 0.096 % across all groups. The result showed that as a 
fertiliser Group 1 and 2 have the greatest K value compared to Group 3 and 4. Also N, 
P and K in the windrow, clay drying bed and E2009 had different results when 
compared to other biosolids samples in their respective group. 
149 
 
149 | P a g e  
 
Elemental components of biosolids 
The elemental analysis (e.g. C, Al and Si) showed a diverse range of results not only 
across the various biosolids product groups but also within the same group in some 
cases (Table A.1-A.5). Most of the differences could be attributed to the biosolids’ age 
as well as the treatment and drying processes used in their production. The Box Plot 
presented in Figure 2.3, showed that Cu and Zn were at significant levels in the 
biosolids compared to other heavy metals. Zn ranged from 75 - 1158 mg/kg, and Cu 
ranged from 31-759 mg/kg across all biosolids products analysed. The result was 
attributed to the catchment and dilution of composted biosolids with green waste and 
dilution of the clay-rich biosolids with clay. There was also a strong relationship 
between Cu and Zn with a correlation coefficient of 0.84 (Table 2.15). Also, Cu and Zn 
correlate with S with a correlation coefficient of 0.66 and 0.77, respectively. The Cu 
and Zn correlation with S may indicate that most of the Cu and Zn are present as 
sulphides and sulphates in biosolids. 
Cu and Zn are ubiquitous elements and enter the sewage system from a range of 
sources. The primary sources of Cu in biosolids originate from Cu piping in the 
drinking water infrastructure and human consumption vitamin tablets. Zn also tends 
to originate from vitamins and personal care products. The Cu and Zn concentration 
biosolids are dependent on the catchment area. Cu and Zn in biosolids may also play 
an important role due to having been shown to decrease microbial activity (McGrath 
et al., 1995, Bolan et al., 2012, Martin et al., 1966). Also, Cu and Zn have been theorised 
to form stable complexes with organic matter that could result in lower decomposition 
(Martin et al., 1966, Matijevic et al., 2014). One possibility could be that biosolids with 
the same treatment but different Cu and Zn levels may have different decomposition 
rates. Future research is required to understand the effects Cu and Zn have on 
biosolids C mineralisation.    
PLS discriminant analysis (PLS-DA) was carried out on the elemental data in Table 
A.1-A.5 to predict the group of biosolids. This technique uses the responses (metal 
concentration) to predict unknown (i.e. four major groups) by creating a model using 
a training set.  The result in Figure 2.14 showed that the elemental data also could be 
used to predict the grouping. The elemental data correctly grouped all samples but 
leave-one-out cross-validation, due to incorrectly classification of the thermally dried 
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sample, the bio-compost and E2009. The model had difficulty in separating Group 3 
and 4 as a result of the elemental data being similar for these groups.              
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Figure 2.14: PLS responses using all elemental data analysed. The 
misclassification error equalled 30 %. 
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Table 2.15: Result of correlation analysis of parameters, a table displaying correlation coefficient for parameters 
measured first row and column. 
Parameter vs.  
parameter 
Al C 
C 
(Course fraction (> 
53 µm)) 
C 
(Fine fraction 
(< 53 µm)) 
Ca Cd Cu Hg K Mg Mo N Ni P 
PSA 
(sand) 
PSA 
(Silt) 
S Se Si Ti legend correlation 
C -0.73        0.55 0.56  0.92  0.69   0.54  -0.93  ± 0.5-0.59 
Very Low 
correlation 
C (Coarse  fraction (> 53 
µm) 
              0.67      ± 0.6-0.69 
Low 
correlation 
C (DOC(< 0.45 µm)   1.00 0.91        -0.60  -0.60    -0.58 0.52  ± 0.7-0.79 
Medium 
correlation 
C (Fine fraction C (< 53 
µm)) 
  0.88         -0.62   0.60    0.54  
± 0.8-
0.89 
High 
correlation 
Ca                    -0.52 ± 0.9-1.00 
Very high 
correlation 
Cd     0.65                
Cu     0.56 0.94           0.66 0.85   
Hg     0.75 0.91 0.78              
K -0.56 0.54        0.72    0.52     -0.53  
Mg  0.56       0.72     0.80     -0.73  
Mo      0.69 0.66 0.69             
N -0.57 0.92        0.61    0.79   0.55  -0.91  
Na      0.62 0.64 0.54   0.65          
Ni      0.75 0.74 0.66    0.82         
P -0.53 0.68       0.52 0.80  0.79         
Pb        0.51             
PSA (Clay) 0.89 -0.77          -0.60       0.71 0.75 
PSA (sand)                -0.60    -0.58 
S  0.54    0.59 0.66     0.55  0.52       
Se      0.75 0.85 0.52         0.69    
Si 0.68 -0.93          -0.91  -0.88   -0.62    
Ti 0.76                    
Zn     0.68 0.80 0.84 0.65     0.56 0.52   0.77 0.79 -0.59  
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2.7.3 Biosolids C  
Organic C is an essential nutrient for soil microorganisms. The organic C content of 
biosolids also varied considerably in biosolids and ranged from 6-36 % (Figure 2.6). 
On average, the OC concentration in the 4 biosolids product groups followed the order 
from highest to lowest concentration: Group 1 (34 %), Group 2 (23 %), Group 3 (21 %) 
and Group 4 (12 %). Most of the C in biosolids is organic C due to the 1:1 relationship 
between total C to organic C (Figure 2.7). C and clay were inversely correlated due to 
biosolids with high clay having low C, and also vice versa being true. The inverse 
correlation is a consequence of the dilution of C from the addition of clay from the 
drying process.  
There was also a wide variation in course fine C and DOC fractions among biosolids 
(Figure 2.8). Carbon-13 NMR analysis showed a variation in the Cyl, aryl, o-alkyl and 
alkyl chemical shift regions in the 17 biosolids analysed (Table 2.9). The shift regions 
can mainly be attributed to cellulose, microbial C and organic matter at different levels 
of decomposition. The o-alkyl chemical shift region is mostly due to carbohydrate, as 
well as the broad resonance at 50 - 60 ppm, which can assign to the C adjacent to the 
amino N in the amino acid residues of protein (Schmidt et al., 1997). The most 
common carbohydrate found in biosolids are sugars and cellulose (Tinoco et al., 
2004).The Group 2 biosolids had lower Cyl compared to Group 4 biosolids except for 
MW, W2009 and E2009 biosolids groups. The result of the Cyl was attributed to 
bacterial biomass produced because of the 3yr stockpiling process which resulted 
amide and carboxyl groups. This would account for the strong Cyl resonance at 190 - 
165 ppm.  
NMR showed differences between the groups and within the groups. To better 
understand these differences, PCA of the full set of spectra was carried out, and the 
score plot was constructed (Figure 2.15). According to the score plot showed most 
biosolids grouped together. The centrifuge, clay drying bed and belt pressed biosolids 
from WW grouped together which could be due to the fresh biosolids from similar 
catchments resulting the similar C characteristics. Overall, the PCA method did not 
show many groupings. To determine if the difference in the NMR spectra is related to 
the group, a PLS self-adaptive model was used to predict biosolids in one of the 4 
groups (Figure 2.16 ). PLS showed that most samples were predicted correctly except 
Group 1 biosolids, but this may be due to not having sufficient samples to create a 
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model to represent the group. E2009 and H2009 were classified as Group 3 instead of 
Group 4, and this misclassification could be due to the similar functional groups 
present in the Group 3 biosolids. The similarity in C functional groups in the NMR 
spectra was a result of stockpiling treatment which is a pasteurisation process and 
maturation process associated with Group 4 biosolids being similar in nature to the 
composting treatment process associated with Group 3 biosolids. 
 
Figure 2.15: Score plot using NMR data for 17 biosolids samples. The data was 
mean-centred (pre-treatment) and 87 percent of the variability is explained in 
the first 2 components.  
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Figure 2.16: PLS prediction of biosolids groups. The misclassification is about 
23 %.  
Mid-infrared showed marked differences between the various biosolids groups (Figure 
2.13). The differences in the MID-IR spectra related to the bonds that are typically 
found with the components such as C, N, Si, Al, Clay, silt and sand in biosolids. The 
PCA score plot of the first two components showed that the biosolids products mainly 
separated because of the clay and C in the products (Figure 2.17). Being pure biosolids 
Group 1 was grouped along with the Group 2. Group 2 samples were grouped together 
except for windrow and clay drying bed biosolids due to their higher clay content. The 
Group 4 samples were grouped together, except for the E2009 biosolids which had low 
clay content.  
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Figure 2.17: Score plot of the first two components of MID-IR spectra data with 
the data points labelled with the sample name and group number in brackets.  
The spectrum was mean-centred and the first 2 components explained 99% of 
the variability in the sample. 
The PLS-DA method was used to analyse the MID-IR spectra data in Figure 2.18 shows 
the results of the PLS analysis. Actual and predicted groups are on the x-axis and y- 
axis respectively. The results showed that most of the samples were classified correctly, 
except the three-products; clay drying bed, windrowed and W2009 product. These 
three products were misclassified as a result of having the MID-IR spectra bands 
relating to C and clay which was different to the MID-IR spectral band relating to the 
other biosolids products in their respective groups.   
To improve the PLS model, clay drying pan and windrowed biosolids were placed in 
Group 4 due to having similar chemical characteristics to Group 4 biosolids. The PLS 
model was re-run with clay drying pan and windrowed biosolids placed in Group 4. 
The results of the PLS self-adaptive model was displayed in Figure 2.19 (Top). The PLS 
result showed that once the clay drying pan and windrowed samples were placed in 
Group 4, all samples were classified correctly. In Figure 2.19 (bottom) the result 
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showed that the model correctly predicted most of the samples except E2009, 
windrowed and centrifuged biosolids which were classified as Group 3.   
The PLS model was also able to predict 7 parameters (C, N, Al, Si, clay, silt and sand) 
using only the MID-IR spectra (Figure 2.20 and Figure 2.21). The reason behind the 
accurate prediction by PLS was the strong correlation of these 7 parameters with the 
MID-IR spectra. The importance of these results to the industry is that the MID-IR 
spectroscopy could be a simpler, faster and more economical method for measuring C, 
N, Al, Si, clay, silt and sand, as well as being used to classify biosolids into groups.    
 
Figure 2.18: PLS result of using MID-IR responses predicting the biosolids 
groups. 12 % of samples were misclassified. 
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Figure 2.19: PLS result using MID-IR data as a response to predict 4 biosolids 
groups.  On the top plot regrouped Windrow and clay drying pan in group 4 
with a 0 % of samples were misclassified and on the bottom leave-one-out 
cross-validation (Crossval) was used to validate the model with 23 % of 
samples misclassified. 
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Figure 2.20: PLS result using MID-IR response to predicted (a) C, (b) N, (c) Al 
and (d) Si for 17 biosolids samples. 
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Figure 2.21: PLS result using MID-IR response to predicted (a) clay, (b) silt and 
(c) sand for 17 biosolids samples. 
2.7.4 Mineral component of biosolids  
Clay in biosolids is regarded as an inadvertent impurity resulting in lower agronomic 
and organic matter value when compared to pure biosolids (e.g. thermally dried 
biosolids). Clay in biosolids may seem to be an impurity, but it can have both positive 
and negative effects on the receiving soils. The addition of clay to soil from the 
application of biosolids may increase the soil ability to: (i) adsorb heavy metals 
reducing heavy metal availability and toxicity to plants (McLaughlin et al., 2007,  
Bolan et al., 2014, Bhogal et al., 2003), (ii) increase cation exchangeable capacity 
(Rengasamy and Churchman, 2005), and (iii) increase the soil ability to hold nutrients 
such as P and moisture (Dougherty, 2006). Furthermore, clay and silt fractions also 
play an essential role in the formation of primary organo-mineral complexes and 
aggregation (Six et al., 2002, Slattery and Surapaneni, 2002, Gerzabek et al., 2001). 
The formation of these organo-mineral complexes and aggregation physically protects 
the organic C from mineralisation (Starr et al., 2001). However, multiple additions of 
clay from biosolids in repeat application situations may affect the hydrology of 
receiving soil especially on heavy clay soils, and it also increases the cost of 
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transporting biosolids. Future work is required to understand the effects of clay in 
biosolids on biosolids C, as well as receiving soil texture and physical and chemical 
properties. Clay, Si and AL were highly correlated because clay is composed of 
aluminium silicates (Table 2.15). Based on PSA, the clay content in biosolids ranged 
from 5-41 % (Table 2.11). Pure biosolids (non-clay contaminated biosolids) in Group 1 
and 2  had clay content ranging from 5-10 % (Table 2.11). On average, the Group 4 
products have more clay (26 %) than the Group 2 products (17%). Differences in clay 
levels between E2009 MW biosolids and SEW biosolids seem to arise from the 
different liners used in the sludge drying pans and harvesting procedures as 
mentioned before. Based on the soil textural diagram and PSA, data texture of 
biosolids in this study varied from sandy loam to clay. The Group 2 solar dried and 
centrifuged biosolids were both textures. Sandy loam, clay drying bed biosolids and 
windrowed biosolids where textured as clay due to the clay contamination; the belt 
pressed biosolids were classified as a silty loam. The Group 4 biosolids P2009A1, 
P2009A2, P2009B and H2009 products were classified as clays, while R2009, W2009 
and E2009 was classified as sandy clay loam, clay loam and sandy clay loam, 
respectively. Based on these outcomes it can be stated that the texture of most biosolids 
is similar to some typical receiving soils (Table 2.12). XRD analysis of the whole 
biosolids samples revealed kaolin (1:1) to be the predominant clay minerals followed 
by smectite and illite minerals (Table 2.13). The XRD result showed that the biosolids 
like soil have a mineral component. 
Principle Components Analysis (PCA)  
The principal component analysis (PCA) is a multi-dimension technique that 
separates objects based on the variance of the parameter measured. In Figure 2.22, 
the PCA of the major components Clay, Al, C, Ca, Fe, K, Mg, N, Na, P, S, Si and Ti 
showed the greatest variance in the first two components due to Clay and C content. 
PCA (Figure 2.22) revealed that most of the differences in biosolids are associated with 
clay and C and that biosolids analysed in this study can be classified into 3 major 
groups; (i) non-clay contaminated or pure biosolids, (ii) moderately-clay 
contaminated and (iii) high-clay contaminated. There was a strong separation in 
biosolids into two groups non-clay contaminated or pure biosolids (i.e. Group 1 and 
Group 2, except for clay drying bed, widowed and centrifuge) and Group 4 heavy clay 
contaminated biosolids (except R2009, W2009 and E2009). Group 3 biosolids 
compost, R2009, W2009 E2009, windrow and clay drying pan biosolids with 
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moderate clay contamination were grouped together. On the second component axis, 
90:10 composted biosolids, 100 % biosolids compost and R2009 were separated from 
the windrowed, W2009, bio compost, E2009 and centrifuged biosolids due to variance 
in the course and fine fractions.  
 
Figure 2.22: PCA using a covariance matrix were displayed in a (1) Score plot 
and (2) Loading plot. PCA was carried out by using the major variables that 
were affected by treatment processes i.e. clay, Al, C, Ca, Fe, K, Mg, N, Na, P, S, 
Si and Ti.      
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2.8 Implications for the water industry 
Water authorities in Victoria produce a wide variety of Victorian biosolids products. A 
survey of the water authority products identified 4 groups. Group 1 biosolids consisted 
of thermally dried and pelletized biosolids which were produced by rapidly drying at 
high temperatures (>200 ◦C) to achieve 90 % dry solids and destroy pathogens to 
produce a T1C2 product. Group 2 biosolids were produced by storing digested and 
dried sludge for less than 3 years thus resulting T2C2/T3C2 grade product. Group 3 
biosolids are produced by mixing lower treatment grade biosolids with other waste 
streams (i.e. green waste and prescribed waste) and composted to achieve a T1C1 
product. Group 4 biosolids are produced by storing digested and dried sludge for 
greater than 3 years resulting in T1C2 grade product.  
The results described previously in this chapter revealed that the simplified 4 groups 
based on the treatment and stockpiling age did not classify biosolids correctly. 
According to the knowledge described in this chapter, a new classification system for 
biosolids was developed based on treatment, background information, chemical and 
physical characteristics. The new classification system is described in a flow chart 
displayed in Figure 2.23 in order to improve on the grouping of biosolids products and 
to better describe biosolids products. The biosolids can be classified into two distinct 
categories. These categories are: 
• Pure biosolids – these are the products that have no addition of any other 
materials during the treatment process.  
 
• Non-pure biosolids - these products are not 100 % biosolids but have other 
material added during the drying pasteurisation and maturation process, e.g. 
clay soil, green waste and other prescribed waste.  
The pure biosolids and non-pure biosolids can each be further divided into two distinct 
types resulting in a total of 4 Types (Figure 2.23). These 4 types are as follows; Type 1 
- rapidly dried biosolids ~ 200◦C, Type 2 - passively dried biosolids which were dried 
< 100◦C, Type 3 - composted biosolids mixed with green waste and Type 4 – biosolids 
mixed with clay and other soil material. The Type 4 biosolids can be further divided 
into two sub-groups namely, high-clay biosolids > 30 % of clay, and the low-clay 
biosolids with < 30 % clay. The low-clay biosolids group was very similar to Type 3 
biosolids with the only difference being that low-clay biosolids do not have any other 
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green waste organic material added to the biosolids. The importance of the 
classification is that it helps to simplify the diverse range of biosolids products that 
vary from one treatment plant to another into 4 simple Types. Biosolids of the same 
Type should behave similarly when applied to land, especially with respect to C 
mineralisation. Based on the classification and data collected on the samples it can be 
hypothesised that the biosolids greatest to the lowest C mineralisation will be as 
follows: Type 1> Type 2 > Type 3 = Type 4 low-clay biosolids > Type 4 high-clay 
biosolids. The hypothesis is based on the increase in drying and stockpiling time from 
Type 1 through to Type 4 as well as increase in clay from Type 1 through-to Type 4 
high-clay biosolids. The increased drying and stockpiling time increase maturation 
time and reduces VS resulting in more stable C pools. Also, the increase in clay has 
been hypothesised to reduce C mineralisation, but this will need to be further 
investigated for biosolids.       
The results of the investigation contradict to the popular belief that all biosolids 
products are the same. The results described in this chapter demonstrated that 
Victorian biosolids products are diverse and some products have a “soil-like” matrix. 
A unique feature of this research was the discovery of four major biosolids types which 
are shown in Figure 2.23. It is evident that there were marked differences in chemical, 
physical and mineral properties of biosolids products. Large variations in the C 
fractions of biosolids were also found. This large variation in biosolids could translate 
into different C dynamics both in biosolids products and in receiving soils. 
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Figure 2.23: Classification flow chart of biosolids sample. 
The research described above clearly establishes the hypotheses that biosolids 
products vary widely in their composition and importantly that they contain 
contaminants such as clays and heavy metals that have the potential to significantly 
affect the mineralisation of the C component when they are applied to land. The 
following chapters of this thesis describe studies that investigate these factors in order 
to better understand the C sequestration potential of the different biosolids groups. 
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Chapter 3: Development of a 
Method to Determine Total C in 
Biosolids using MID-Infrared 
Spectroscopy 
3.1 Preamble  
In the previous chapter, it was found that the PLS self-adaptive model was able to 
predict seven parameters (C, N, Al, Si, clay, silt and sand) using only the MID-IR 
spectra of 17 biosolids samples. The reason behind the successful prediction was the 
strong correlation these parameters had with the MID-IR spectra. Based on this 
observation, the study described in this chapter aims to establish a method to 
determine total C in biosolids by Diffuse Reflectance Infrared Fourier Transform 
(DRIFT) spectroscopy in the Mid-IR range and a PLS self-adaptive model. 
3.2 Introduction  
3.2.1  MID-IR and soil analysis 
MID-IR DRIFT spectroscopy within the wavenumber range of 4000-400 cm-1 can be 
used as a rapid, economical and non-destructive method for characterising soil 
properties. Research showed that the multitude of soil properties can be measured 
with minimal sample preparation and within a very short analysis time. Examples of 
soil properties that have been predicted with a combination of MID-IR and 
multivariate analysis techniques include pH, EC, C, N, P, CEC, exchangeable cations,  
clay, silt and sand with varying degrees of success (Reeves, 2010, Viscarra Rossel et 
al., 2006, McCarty et al., 2002). The MID-IR combined with multivariate analysis can 
predict any parameter as long as the parameter correlates with the IR spectrum. The 
most commonly measured soil parameters are organic C (OC) and total C. The 
frequent use of MID-IR to predict OC is due to the strong absorption in the MID-IR 
region by bonds associated with OM and OC (Table 3.1). 
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Table 3.1: Bonds and respective absorbance bands in the MID-IR spectrum.  
Bonds Absorbance(cm-1) References 
C-H 3000-2850 Du et al. (2011)  
C=C 1650 (weak) 
C=O 2500-1500 
C-N 2300-2200 
N-H 3400-3300 
O-H 4000-2500 
Amide 1665-1532 Adani and Tambone 
(2005) Boyd et al. (1980)  
Amide I 1532-1520 Boyd et al. (1980) 
Amide II 1665-1655 Boyd et al. (1980)  
Adani and Tambone 
(2005) 
Aliphatic moieties 1455-1374 
 
MID-IR has many regions of the spectrum that are related to OC however, to gain 
qualitative and quantitative information it must be combined with the multivariate 
calibration method. The main four multivariate calibration methods used in literature 
with spectroscopy data are ordinary least squares (OLS) or classical least squares 
(CLS), inverse least squares (ILS), Principle Component Regression analysis (PCR) 
and Partial Least-squares (PLS) (Thomas and Haaland, 1990, Haaland et al., 1985). 
Each of the four methods has its advantages and disadvantages but all the method used 
absorption at multiple wavelengths to predict concentrations. The CLS and ILS 
methods are both based on the Beers Law; CLS model is directly based on Beer’s Law 
and often referred to the K-matrix method while ILS model is based on the inverse of 
Beer’s Law and referred as the P-matrix method (Thomas and Haaland, 1990). The 
constrains with the CLS method are that a single wavelength must be selected for each 
constituent measured; the wavelength must be directly related to the constituent and 
requires full knowledge of the composition of the sample (Law et al., 2003). Due to 
these constrains it was found to be impractical to use the CLS method to measure OC 
in environmental samples such as soil and biosolids by MID-IR spectroscopy. 
Additionally, the bonds in OC of both biosolids and soil absorb at multiple 
wavelengths. Furthermore, there are other constituents in the samples that will absorb 
at the same wavelengths, overlapping with bonds related to OC making the CLS 
method impractical. Although ILS method can deal with a complex matrix, the model 
cannot deal with collinear wavelengths (Law et al., 2003) and must be avoided, making 
it unsuitable for the analysis of OC in biosolids and soil. Compared to CLS and ILS, 
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PCR and PLS methods have been identified as more reliable method for the prediction 
of total C and OC.  
The reason for using PCR and PLS techniques was that both methods measure the 
response variables (total C and OC) with multiple predictor variables (i.e. absorbances 
at multiple IR wavelengths) which can be highly correlated and in some instances 
collinear with the response variables (Hemmateenejad et al., 2007). PLS is a model 
that takes advantage of the correlation and relationship that exist between the spectra 
and the analyte measured (i.e. C). Furthermore, PLS does not require a linear response 
with a single wavelength when compared to conventional analytical technique because 
the PLS model will adapt to any response with multiple wavelengths predictors. Thus, 
the resulting spectral vectors are directly related to the sample (Viscarra Rossel et al., 
2006). The advantages of PLS is that it can deal with multi-collinearity and it is robust 
about data noise and missing values (Viscarra Rossel et al., 2006). Most studies use 
PLS of the full spectrum and usually gives similar results to PCR. Minor differences 
between PLS and PCR have been found when selected wavelength ranges have been 
used to predict responses (Hemmateenejad et al., 2007).  
MID-IR combined with PLS has been shown to be suitable for the prediction of total 
organic C in soil (Janik et al., 2007). Prediction of OC and total C in soil using MID-IR 
and PLS has been well established, but very little has been reported on the prediction 
of OC or total C in organic waste streams such as biosolids. Several studies reported 
on the characterisation of biosolids C and C fractions using IR (Amir et al., 2010, Adani 
and Tambone, 2005, Carballo et al., 2008). Most research shown that the biosolids are 
higher in C than most soil resulting in more significant absorbance in the MID-IR 
spectrum. As a result of the higher C and greater absorbance in biosolids, predicting C 
using MID-IR and PLS method is well suited. 
3.3 Objective  
The objective of this study was to determine if PLS modelling of MID-IR spectrum data 
can be used as an alternative method to estimate the total C in biosolids. The 
mineralisation experiments described later in this thesis generated a considerable 
number of samples requiring C analysis, so it was essential to establish a rapid and 
inexpensive method for the measurement of total C as outsourcing analyses to 
commercial laboratories was not a practical option for this project. 
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3.4 Instrumentation  
3.4.1 Sample collection  
A total of 392 representative biosolids samples from mineralisation experiments were 
selected and analysed for total C using LECO and also using MID-IR spectroscopy. 
From the 392 samples were analysed for LECO and MID-IR, approximately 1/3 of the 
random samples were kept separate for the validation set. Once approximately 1/3 of 
the samples were kept separated the reaming was used for the training set. The 
training set was used to create the model and to predict the validation set. A random 
20 samples from the validation set was used as the test set to compare actual and 
predicted.    
3.4.2 Total C and nitrogen 
Biosolids samples were analysed for total C and nitrogen using LECO TruMac Series 
C/N analyser. 0.5 g of biosolids was weighed into a crucible and combusted at 1300◦C. 
The instrument was calibrated using Ethylenediaminetetraacetic acid (EDTA) which 
was National Institute of Standards and Technology (NIST) certified. The  EDTA 
calibration standard contained 410 g C/kg and 95.7 g N/kg-1 according to the standard 
method 6B1 and method 6B2  in Rayment and Lyons (2010). 
3.4.3 Mid-Infrared spectroscopy 
Powdered biosolids samples were placed in the sample cup and the absorbance was 
measured from 4000 to 450 cm-1 by using PerkinElmer spectrum 100 Fourier 
transform infrared (FT-IR) instrument with the DRIFT attachment.  
3.4.4  Statistical analysis 
The PCA was carried out using the Minitab 17 statistical software package. PLS 
prediction errors were obtained using The Unscrambler 10.5 program by CAMO. All 
the MID-IR data was mean-centred before being analysed by PLS. 
3.4.5 Model evaluation standards  
The coefficient of determination (R2) (Equation 3.1) and Root-mean-square error 
(RMSE) (Equation 3.2) were calculated for each of the PLS models to determine how 
well the PLS model predicted the data when compared to actual results obtained 
using PLS model.  
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Coefficient of determination (R2)  
 
𝑅2 =
∑ (𝑦𝑖 − ?̅?)
2𝑛
𝑖=1
∑ (𝑦?̀? − ?̅?)2
𝑛
𝑖=1
 
R2= Coefficient of determination  
ȳ = Sample mean y 
yi = Actual y  
ỳl = Predicted y using the model  
(Equation 3.1) 
Root-Mean-Square-Error (RMSE) 
 
𝑅𝑀𝑆𝐸 = √
∑ (ỳl − 𝑦𝑖)2
𝑛
𝑖=1
𝑛
 
RMSE = Root-mean-square error  
yi = Actual y 
ỳl = Predicted y using the model  
n = Number samples  
(Equation 3.2) 
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3.5 Results and discussion  
For the selected biosolids samples, accumulation spectra of 16, 64 and 100 scans were 
measured to determine the best scan rate (Figure 3.1). An accumulation of 64 scans 
were showed only minor differences between the individual scans and therefore, 64 
scans were chosen for the prediction of total C. This was the same number of scans 
reported by McCarty et al. (2002) when predicting soil properties using MID-IR and 
near infra-red diffuse reflectance.  
 
Figure 3.1: MID IR spectrum of biosolids (SD) with an accumulation of 16 
scans, 64 scans and 100 scans.   
 
To determine the reproducibility of the  MID-IR DRIFT method one IR spectrum was 
measured for three subsamples of the same biosolids. The spectrum was plotted 
(Figure 3.2) to illustrate similarities and differences. The three spectra are almost 
identical except for the differences in the 4000-3800 cm-1 region where a shift in the 
baseline can be observed. The changes in the baseline were due to the slight differences 
in the sample matrices. To overcome the problem of changes in baseline, all the spectra 
were mean-centred as part of the pre-treatment for PLS modelling. Mean-centring 
removed changes in the baseline as shown in the Figure 3.3 and all three spectra were 
overlapped almost exactly. The resulting mean-centred spectra only show differences 
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due to the variation of bonds and bond composition from one sample to the next giving 
better prediction.  
 
Figure 3.2: MID-IR Absorbance versus wavelength for three replicate biosolids 
sample.   
 
Figure 3.3: MID-IR Absorbance versus wavelength for three replicate biosolids 
sample (mean-centred). 
Table 3.2, shows the summary statistics of 392 samples analysed for total C by LECO. 
The summary statistics indicate the variation of total C in the samples, which were 
selected to formulate the PLS model. A substantial variation in total C was needed to 
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make the PLS self-adaptive model more robust and enable the prediction of a wide 
range of total C concentrations. The total C in biosolids samples ranged from 4.3 - 34% 
C with a mean of 18.6 % C and a standard deviation of 9.6 % C. 
Table 3.2: Summary statistics of biosolids experimental samples(n=392) 
analysed for total C.   
Summary statistics of Total C (% C) 
Mean 18.6 
Stdev 9.6 
Max 34.0 
Min 4.3 
 
3.5.1 Multivariate analysis  
3.5.1.1 PCA of the MID- IR spectra  
Full spectra (all wavelengths)  
Before the IR spectra could be analysed with PLS, outliers were removed by analysing 
the IR spectra using PCA (Figure 3.2). Figure 3.4 showed the score plot of the first two 
components of the MID-IR spectrum for all 392 biosolids samples and showed some 
apparent outliers. In total 15 outliers were removed from 392 samples resulting in 377 
samples being analysed by PLS.      
 
Figure 3.4: Score plot of MID-IR data of the first two components. The data was 
mean-centred, and the first two components explain 87 % of the variance.  
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Variable selection 
In an attempt to select a range of wavenumbers which may give better predictive 
ability, the correlation coefficient and Standard Deviation (Stdev) of the absorbances 
at each wave number with total C were plotted (Figure 3.5). The plot of R and Stdev 
showed that the parts of the spectrum that correlated with C also had the highest 
variation based on the Stdev plot. Based on the observations presented in Figure 3.5, 
wavelengths with a correlation value ≥ 0.5 were selected. These selected wavelengths 
can be grouped into four distinct regions with a correlation value ≥ 0.5 as shown in 
Table 3.3.   
 
Figure 3.5: Correlation (Correl) and Standard deviation (Stdev) plot of the 300 
IR-MID spectrums. 
  
Table 3.3: Table of selected regions of wavelengths bands highly correlated 
(≥0.05) with total C.   
Regions Wavelengths (cm-1) 
1 464-485 
2 1041-1271 
3 1505-1763 
4 2036-4000 
The selected wavelengths were analysed using PCA and the resulting score plots 
constructed (Figure 3.6). The selected wavelength found a total of 26 outliers 
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compared to the 15 in the full spectrum method. After removal of outliers, a total of 
366 samples remained for analysis using the PLS method.    
 
Figure 3.6: Score plot of the first two components selected wavelengths with a 
correlation coefficient of ≥ 0.5. The data was mean-centred, and the first two 
components explain 92% of the variance. 
3.5.1.2 PLS 
Full spectrum (all wavelengths)  
Once outliers were removed, the 377 samples were divided into two sets – a training 
set of 250 samples and a test set of 125 samples. The PLS self-adaptive model was 
created using the training set IR absorbance data and total C data then and used to 
predict the total C in the test set. The result of the actual versus predicted is shown in 
Figure 3.7 for both the training set and the test set. For the model, seven components 
were chosen because in evaluating RMSE of each component, the 7th component was 
when RMSE levels out (Figure 3.8). After the 7th component, there were minor changes 
in the RMSE, but there was a high risk of over-fitting.  The evaluation of the model 
(predicted versus actual result) showed an R2 value of 0.97 for the training set with 
RMSE of 1.95 % C compared to the 1.94 % C for the validation set (Figure 3.8).   
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Figure 3.7: (a) PLS prediction of total C for training set using the full MID-IR 
spectrum method and (b) PLS prediction of total C for the test set using the 
full MID-IR spectrum method. For both the training set and the test set, seven 
components were used.  
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Figure 3.8: (a) R2 values for the PLS of the predicted C vs actual C fit for each 
of the first 15 components (All wavelengths) & (b) RMSE values for the PLS of 
the predicted C vs actual C fit for each of the first 15 components (All 
wavelengths).   
To compare actual and predicted values, 20 random samples were chosen as a 
validation set (Table 3.4). The result showed that the predicted values of C did not vary 
significantly from the actual C level. The estimated deviation ranged from ± 0.5 to ± 
5.4 but on average was ± 1.8 for the whole test set. The Unscrambler program 
estimated the deviation which indicates how accurately the PLS model predicted the 
values. The prediction of the deviation is a useful tool to determine how accurately the 
total C can be reported in an unknown sample.  
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Table 3.4: Full spectrum method - random selection of 20 matching actual and 
predicted % C values was used as a validation set. Also, the deviation was 
estimated to show the variability in the prediction (n=20).    
Actual %C Predicted %C Actual-Predicted 
(%C) 
*Deviation 
21.6 22.8 -1.2 ± 2.1 
4.7 6.2 -1.5 ± 0.8 
23.1 26.7 -3.6 ± 3.3 
27.1 25.6 1.5 ± 1.7 
25.3 28.4 -3.1 ± 1.1 
29.5 31.9 -2.4 ± 0.8 
22 19.3 2.7 ± 0.9 
12.1 14.4 -2.3 ± 0.9 
31.9 30.5 1.4 ± 0.7 
18.3 18.7 -0.4 ± 1.0 
4.86 3.3 1.6 ± 2.3 
14.1 13.4 0.7 ± 2.3 
31.2 32.3 -1.1 ± 1.7 
31.4 27.6 3.8 ± 1.5 
25.1 24.3 0.8 ± 5.4 
24.9 24.9 0.0 ± 4.7 
28.2 28.8 -0.6 ± 1.2 
24.9 23.0 1.9 ± 1.2 
30.8 30.4 0.4 ± 1.1 
29.8 30.9 -1.1 ± 0.5 
*Estimated deviation was obtained from The Unscrambler program    
Variable selection method  
To improve the prediction of total C from the previous full-spectrum method, variable 
selection methods were carried out for a comparison using 366 biosolids samples. For 
variable selection, PLS was carried out on the four selected wavelength regions with ≥ 
0.5 correlation coefficient. Like the full spectrum method, the PLS method of selected 
wavelength showed that there was a good correlation between predicted and actual 
(Figure 3.9). A comparison of both methods showed that the variable selection method 
was slightly less accurate than the full spectrum method based on the R2 and RMSE. 
The R2 value of the test set slightly differed with 0.97 for the full spectrum (all 
wavelengths) versus 0.96 for the variable selection method (Figure 3.8 & Figure 3.10). 
A comparison of the RMSE showed a similar result for R2, with 1.95 in the full 
spectrum method and 2.06 in the selected wavelength method. The RMSE of the test 
set was 1.92 full spectrum versus the 2.6 in the selected wavelength method (no. 
component = 7). The difference in result between the two methods used (i.e. full 
spectrum and selected wavelength) was due to the different areas of the spectrum 
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used. In the variable selection method, only positively correlated areas were used 
which is a fraction of the entire information available in the MID-IR spectrum. The  
selection of wavelengths may have resulted in the unintentional omission of regions of 
the spectra that could be the key for the prediction of C using a PLS model. Based on 
these results, there is no advantage in selecting regions of the full spectrum. 
 
 
Figure 3.9: (a) PLS prediction of total C for training set using the selected 
wavelength method and (b) PLS prediction of total C for the test set using the 
selected wavelength method. For both the training set and the test set, 7 
components were used.  
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Figure 3.10: (a) R2 values for the PLS of the predicted C vs actual fit for each of 
the first 15 components (variable selection) (b) RMSE values for the PLS of the 
predicted C vs actual C fit for each of the first 15 components (variable 
selection).   
The results showed that there were minor differences in the test set between the actual 
and predicted values (Table 3.5). The deviation estimated for the selected wavelength 
method ranged from ± 0.6 - 2.5 % C. The comparison between the average deviation 
of the full spectrum method and the selected wavelength method showed only minor 
differences. The full spectrum method had an average deviation in the validation set 
of ± 1. % C versus the ± 1.3 % C for selected wavelength method.  
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Table 3.5: Variable selection method - Random selection of 20 matching actual 
and predicted % C values was used as a validation set. Also, the deviation was 
estimated to show the variability in the prediction (n=20).    
Actual (%C) Predicted (%C) = Actual - 
Predicted (%C) 
*Deviation 
4.6 3.5 1.1 ± 0.9 
29.4 29.2 0.2 ± 0.6 
17.8 19.0 -1.2 ± 1.8 
23.0 25.8 -2.8 ± 1.7 
28.9 30.6 -1.7 ± 0.8 
5.1 6.8 -1.8 ± 1.4 
29.3 29.5 -0.2 ± 0.7 
22.0 20.2 1.8 ± 0.9 
16.8 18.5 -1.7 ± 2.0 
15.5 17.3 -1.8 ± 1.4 
11.9 14.2 -2.3 ± 0.8 
28.5 29.8 -1.3 ± 1.0 
31.3 29.8 1.5 ± 1.2 
4.9 4.5 0.4 ± 2.0 
33.0 33.2 -0.2 ± 2.5 
30.1 29.8 0.3 ± 1.1 
31.2 30.9 0.3 ± 1.1 
30.0 28.4 1.6 ± 1.7 
4.6 5.5 -0.9 ± 0.6 
30.0 30.9 -0.9 ± 0.7 
*Estimated deviation was obtained from The Unscrambler program    
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3.6 Conclusion  
A key finding from this study was that MID-IR combined with PLS was found to give 
a reasonable estimate of total C in biosolids and could be used as an alternate and 
inexpensive method compared to the conventional and expensive LECO C method for 
the determination of biosolids C. Two different methods were used; full spectra and 
variable selection methods for the prediction of total C in biosolids. The comparison 
between the two methods showed minor differences for the full spectra method 
compared to the variable selection method. The full spectra method was shown to be 
a better approach due to a slightly better fit for the model.     
In the mineralisation experiments described later in this thesis, the full spectra PLS 
method was suited to C determination on the basis that it can be used for the rapid 
analysis of large numbers of samples. Moreover, the experiments mainly involve 
differences over-time for a particular sample meaning that the accuracy of an 
individual determination is less critical.  
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Chapter 4: An Investigation into 
the Mineralisation of Biosolids C 
4.1 Preamble  
In the characterisation studies described in chapter 2, biosolids products were 
chemically and physically analysed and classified into four biosolids types. The study 
found marked differences in Cu, Zn, Olsen P, Si, Al, clay content and C content not 
only across the various product types but also within types in some instances. Some 
biosolids have a higher clay content than others which corresponds to the high levels 
of Si and Al.  
In this chapter, each of the biosolids types will be compared using mineralisation rate 
studies to derive kinetic relationships that can be used to predict the fate of 
mineralisable C when these products are applied to land. 
4.2 Introduction  
Biosolids is a C-rich by-product of the wastewater treatment process. Recently, 
biosolids have gained attention as a potential source of C credits for water corporations 
to offset emissions through sequestration from the land application (AWA, 2012, 
Bolan et al., 2013, Tian et al., 2009). For water authorities to implement C credit 
programs, accurate C mineralisation data are required for C accounting purposes. The 
decomposition of biosolids organic matter is an important factor in understanding the 
role biosolids C pools play, both in the short term and long term in the soil C cycle. In 
chapter 2, it was established that many of the biosolids products had soil-like 
characteristics and on this basis it could be assumed that the mineralisation of 
biosolids C may follow similar kinetics in soil C which follows first-order triple 
decomposition decay (Equation 4.1) (Paul et al. 2001). The soil has three distinct pools 
of organic matter that decompose at different rates (Cheng and Kimble, 2001).  The C 
pools were described as follows; fast, active or labile pool (< 10 years), slow or 
intermediate pool (10 to 1000 years) and passive pool which has the slowest 
decomposition rate (> 1000 years). Gilmour et al., (1996 - 1980) had reported a series 
of studies investigating the decomposition of biosolids and biosolids-soil mixtures and 
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found that the decomposition best fits a double-exponential equation (Equation 4.2). 
Wang et al., 2004 also found that the decomposition of plant residue fitted a first-
order double decomposition decay equation (Equation 4.3). The latter two equations 
are similar, and they showed that most C residue added to the soil are composed of 
two distinct pools. To date, no work has been reported on the mineralisation of 
biosolids C as a function of their properties. Based on the classification system 
established in chapter 2 it is likely that the different biosolids types will mineralise 
differently and specific kinetic equations need to be established for each biosolids type 
to predict the long-term mineralisation behaviour of land applied biosolids of different 
origin. This chapter describes a study into the mineralisation kinetics of each biosolids 
type and assignment of kinetics relationships that can be better predict the 
mineralisation of various soil-applied biosolids products.  
Triple-exponential decay function (Paul et al., 2001) 
𝐶𝑡 = 𝐶𝑎𝑒
−𝐾𝑎𝑡 + 𝐶𝑖𝑒
−𝐾𝑖𝑡 + 𝐶𝑝𝑒
−𝐾𝑝𝑡 
Ct = Total C pool at time (t) 
Ca = Amount of C in the active pool  
ka = Rate constant representing the active pool (days-1) 
Ci = Amount of C in the intermediate or slow pool  
ki = Rate constant representing the intermediate or slow pool (days-1) 
Cp = Amount of C in the passive pool  
kp = Rate constant representing the passive pool (days-1) 
TC = total C at time zero=Ca+Ci+Cp 
(Equation 4.1) 
Double-exponential decay function (Gilmour et al., 1996a, Gilmour et al., 1996b, 
Gilmour and Gilmour, 1980, Tian et al., 2009) 
𝐶𝑡 = 𝐶𝑎𝑒
−𝑘𝑎𝑡 + (𝑇𝐶 − 𝐶𝑎)𝑒
−𝑘𝑖𝑡 
Ct= Total C pool at time (t) 
Ca= Amount of C in the active pool  
TC = Total amount of C at time zero  
ka= Rate constant decomposition in the rapid pool (days-1) 
ki= Rate constant decomposition in the slow pool (days-1) 
t= Time (days) 
(Equation 4.2) 
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Double-exponential decay function (Wang et al., 2004) 
𝐶𝑚 = 𝐶𝑎(1 − 𝑒
−𝐾𝑎𝑡) + 𝐶𝑖(1 − 𝑒
−𝐾𝑖𝑡) 
 
Or 
𝐶𝑚 = 𝐶𝑎(1 − 𝑒
−𝐾𝑎𝑡) + (𝑇𝐶 − 𝐶𝑎)(1 − 𝑒
−𝐾𝑖𝑡) 
 
Cm = Cumulative mineralisation of C 
Ca = Amount of C in the active pool (a)  
ka = Rate constant representing the active pool (days-1) 
Ci = Amount of C in the intermediate or slow pool (i) 
ki = Rate constant representing the intermediate or slow pool (days-1) 
TC = Total amount of C at time zero  
(Equation 4.3) 
4.3 Hypotheses 
Based on the characterisation studies described earlier, the following hypotheses were 
developed. 
1) The different types of biosolids will have different mineralisation 
characteristics.  
2) The biosolids treatment process will affect biosolids C mineralisation.  
3) The stockpiled and matured biosolids will have the lowest C mineralisation. 
4.4 The objective of the study  
The overall objective of the research presented in this chapter was to characterise the 
C dynamic behaviour of a representative sample of Victorian biosolids, to predict their 
respective mineralisation rates when applied to land.    
4.5 Materials and methods 
4.5.1 The rationale of biosolids samples selection 
For this investigation, six biosolids samples were chosen to represent the four 
biosolids types produced by Victorian Water Corporation. The description and 
rationale behind the selections were shown in Table 4.1.  
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Table 4.1: Description and rationale behind biosolids selected for the study.  
Types Product Type Companies 
Sample 
Name 
Rationale Behind Sample Selection 
Type 1 
Pure biosolids, 
heat treated 
BW 
Thermally 
Dried  The two samples were similar chemically 
but from two different catchments 
CHW Pelletised 
Type 2 
Pure biosolids, 
non-heat treated 
SEW Solar Dried 
The dry biosolids material (not sludge) and 
representing the “ideal” less than three-year 
biosolids. 
Type 3 
Non-pure 
biosolids, mixed 
with green waste 
PG Biocompost 
Composted material mixed with WW 
Biosolids, CWW biosolids and green waste 
Type 4  
Non-pure 
biosolids, low 
clay 
MW E2009 
Two samples were chosen. The first was a 
high clay contaminated biosolids P2009A1. 
The second was a low-clay E2009 biosolids. 
These represent two sub-Types of biosolids 
found in the Type 4 biosolids. 
Non-pure 
biosolids, high 
clay 
SEW P2009A1 
 
4.5.2 Incubation experiments 
4.5.2.1 Experimental design  
4.5.2.1.1 Mineralisation experiments  
From each of the six biosolids samples chosen for this experiment, a 300 g sample was 
weighed into a 1 L glass jar, homogenised and subsequently adjusted to 50 % of the 
water holding capacity and incubated in a dark room at 25 0C for 300 days. 10g 
samples were collected from each of the biosolids samples at approximately every 30 
days, were dried, ground and measured for total C. 
Total C using MID-IR 
Total C was estimated using MID-IR spectroscopy and self-adaptive PLS modelling 
technique using the method developed in this study described in chapter 3. 
4.5.2.1.2 Respiration experiments  
The respiration experiment was conducted according to the method described by 
Bolan et al. (2012). 10 g sample of each biosolids was added to a jar containing a vial 
of water to ensure water saturated atmosphere together with a CO2 trap containing 20 
mL of 2 M NaOH.  The experimental arrangement is shown in Figure 4.1. Respiration 
was measured by trapping CO2 in 2 M sodium hydroxide (NaOH) to form sodium 
carbonate (Na2CO3). The carbonate was subsequently precipitated with BaCl2 to form 
BaCO3. The amount of CO2 trapped was quantified by back-titrating the unreacted 
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NaOH with 0.3 M HCl to a phenolphthalein endpoint. For each batch, a blank (without 
biosolids) was used and titrated as described above. Respiration was calculated using 
the Equation 4.4. 
 
Figure 4.1: Basic construction of the respiration experiment.  
 
Respiration calculation 
𝑅  = (
{𝑀𝑊𝐶 (𝑉𝑏 − 𝑉𝑠) ×  [𝑀] ×  0.5}
𝐷𝑊  
)  × 0.1            
R = Respiration (% C)  
MW = Molecular Weight of C (12 g/mol) 
Vb  = volume of HCl for blank titration (L) 
Vs  = volume of HCl for sample titration (L) 
 M  = concentration of HCl (0.3 M)  
DW = dry weight of the soil (kg) 
0.5 is the factor that accounts for the fact that 2 mol OH- are consumed by 1 mol CO2. 
(Equation 4.4) 
 
4.5.3 Analysis of data  
Respiration Experiment model and calculation  
The cumulative respiration was calculated using Equation 4.5. The data were fitted to 
the double exponential model in Equation 4.6. The extrapolation and evaluation of the 
information from the model were carried out using Equation 4.7-4.12.  
 
 
    
193 
 
193 | P a g e  
 
Cumulative respiration equation  
𝐶𝑅(𝑡) = ∑  𝑅(𝑡) 
CR (t) = total or cumulative respiration concentration from sample at time t (%C) 
R = Respiration (% C)  
(Equation 4.5) 
 
 
Double-exponential decay function 
The function was fitted to the CR data using R software (Team, 2012) using the nls 
library that uses the N2SOL algorithm created by John E. Dennis et al. (1981).   
CR(t) = C𝑡 − 𝐶f 𝑒
−𝑘f𝑡 − 𝐶s 𝑒
−𝑘s𝑡 
CR (t) = total or cumulative respiration concentration from the sample at time (t)  
(% C) 
Ct = the theoretical total C in slow and fast pools (% C) 
Cf = initial C concentration in the fast or active pool (% C) 
Cs = initial C concentration in the slow or passive pool (% C) 
kf = rate constant of the active pool (days-1) 
ks = rate constant of the passive pool (days-1) 
(Equation 4.6) 
Half-life (t1/2(f)) single exponential function 
 
t1
2(f)
=
ln(2)
𝑘𝑓
 
t1/2(f) =half-life of the fast pool (days) 
kf = rate constant of the fast pool (days-1) 
(Equation 4.7) 
Half-life (t1/2(s)) single exponential function 
 
t1
2(s)
=
ln(2)
𝑘𝑠
 
t1/2(s) = half-life of slow pool (days) 
ks = rate constant of the slow pool (days-1) 
(Equation 4.8) 
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Percentage fast pool calculation 
%𝐶𝑓 = (
𝐶𝑓
𝐶𝑡
) × 100 
 
%Cf = the percentage of C in fast pool relative to the total C pool in both slow and fast 
C pools (%) 
Cf = initial C concentration in the fast or active pool (% C) 
Ct = the theoretical total C in slow and fast pools (% C) 
(Equation 4.9) 
Percentage slow pool calculation 
%𝐶𝑠 = (
𝐶𝑠
𝐶𝑡
) × 100 
%Cs = the percentage of C in slow pool relative to the total C pool in both slow and fast 
C pools (%) 
Cs = initial C concentration in the slow or passive pool (% C) 
Ct = the theoretical total C in slow and fast pools (% C) 
(Equation 4.10) 
The total of both pool calculations 
%𝐶𝑇 = %𝐶𝑓 + %𝐶𝑠 
 
%CT = the sum of the percentage fast (%Cf) and slow pool (%Cs) (%) (Should 
theoretically = 100%)   
%Cf  = the percentage of C in fast pool relative to the total C pool in both slow and fast 
C pools (%) 
%Cs = the percentage of C in slow pool relative to the total C pool in both slow and fast 
C pools (%) 
(Equation 4.11) 
Theoretical percentage loss calculation  
%𝑇𝑙𝑜𝑠𝑠 =
𝐶𝑡
𝐶(𝑡0)
× 100 
 
%Tloss  = percentage of the total C that will be theoretically lost through respiration (%) 
Ct = the theoretical total C in slow and fast pools (% C) 
C (t0) = the initial C concentration of the sample at the start of the experiment (%C)  
(Equation 4.12) 
Mineralisation experiment calculation 
To evaluate the mineralisation data and to extract the key information to compare 
biosolids samples, Equation 4.13 was used to calculate %C loss in biosolids. The 
mineralisation data was fitted to a double exponential model using Equation 4.14 and 
the model was evaluated using Equations 4.15 - 4.19. 
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%C loss 
 
%𝐶 𝐿𝑜𝑠𝑠 (𝑡) = 𝐶(𝑡0) − 𝐶(𝑡) 
%C Loss (t) = percent C loss at time (t) 
C (t0) = the initial C concentration of the sample at the start of the experiment (% C)  
C (t) = total C or OC of the sample at t (% C) 
(Equation 4.13) 
 
Double-exponential decay function 
The function was fitted to the mineralisation data using R software (Team, 2012), nls 
library that uses the N2SOL algorithm created by John E. Dennis et al. (1981).   
C(t) = 𝐶a 𝑒
−𝑘a𝑡 + 𝐶p 𝑒
−𝑘p𝑡 
 
C (t) = total C or OC of the sample at time (t) (% C) 
Ca = initial C concentration in the fast or active pool (% C) 
Cp = initial C concentration in the slow or passive pool (% C) 
kf  = rate constant of the active pool (days-1) 
kp = rate constant of the passive pool (days-1) 
(Equation 4.14) 
 
Total C at time zero 
 
𝑇𝐶(𝑡0) = 𝐶𝑎 + 𝐶𝑝 
 
TC (t0) = theoretical TC or OC of the sample at time t=0 (% C) (y-intercept) 
Ca = initial C concentration in the fast or active pool (% C) 
Cp = initial C concentration in the slow or passive pool (% C)  
(Equation 4.15) 
 
Active pool as a percentage of both active and passive pools   
 
%𝐶𝑎 =
𝐶𝑎
𝐶(𝑡0)
 
 
%Ca = percentage of C in the active pool (%) 
C (t0)  = total C or OC of the sample at time t=0 (% C) (y-intercept) 
Ca = initial C concentration in the fast or active pool (% C) 
Cp = initial C concentration in the slow or passive pool (% C) 
 
(Equation 4.16) 
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Passive pool as a percentage of both active and passive pools   
 
%𝐶𝑝 =
𝐶𝑝
𝐶(𝑡0)
 
 
%Cp = percentage of C in the passive pool (%) 
C (t0) = total C or OC of the sample at time t=0 (% C) (y-intercept) 
Cp = initial C concentration in the slow or passive pool (% C) 
(Equation 4.17) 
 
 
Half-life (t1/2(a)) function of active pool 
 
t1
2(a)
=
ln(2)
𝑘𝑎
 
t1/2 (a) = half-life of active pool (days) 
ka = rate constant of the active pool (days-1) 
(Equation 4.18) 
Half-life (t1/2(p)) function of passive pool 
 
t1
2(p)
=
ln(2)
𝑘𝑝
 
 
t1/2 (p) = half-life of passive pool (days) 
kp = rate constant of the passive pool (days-1) 
(Equation 4.19) 
4.5.4 Statistical analysis  
The data were subjected to analysis of variance (ANOVA) using the Minitab 16 
software package.  
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4.6 Results and discussion  
Characterisation studies described in chapter 2 revealed that different types of 
biosolids would mineralise differently. Six representative samples were chosen to 
represent the four main types of biosolids in the incubation experiment. These six 
samples had different inorganic (clay, silt and sand), and OM (Table 4.2). The Type 1 
and 2 biosolids had the highest OM compared to Type 3 and 4. The difference in OM 
was due to the rapid drying process used in Type 1 and 2 biosolids which results minor 
of OM. In contrast, Type 3 and Type 4, windrow and stockpiling biosolids results lower 
OM due to the extended periods of maturation. Thus, the Type 1 and Type 2 biosolids 
should have higher mineralisation rate than Type 3 and 4, due to a higher level of 
Volatile Solids (VS). The six samples were also showed different clays, silt and sand 
concentrations. Clay was of particular interest due to its ability to stabilise OC and OM. 
The sample with the highest clay was P2009A1 which had clay concentration of 35 %, 
compared to 5 – 14 % in the other biosolids samples. Based on the treatment process 
and the clay content it was expected that Type 1 and 2 would have the highest 
respiration and mineralisation compared to Type 3 and Type 4 and therefore, 
P2009A1 biosolids should have the lowest mineralisation and respiration compared to 
all the samples. 
Table 4.2: Percentage clay, silt and sand in 15 selected biosolids products in 
Victoria. 
Water 
Corporation 
Products Product Type Sample ID Clay (%) Silt (%) 
Sand 
(%) 
OM1 
(%) 
BW 
Type 1 
Pure biosolids, 
heat treated 
Thermally Dried 5 12 35 67 
CHW Pelletised 5 5 46 60 
SEW Type 2 
Pure biosolids, 
non-heat 
treated 
Solar dried 10 11 32 58 
PG2 Type 3 
Non-pure 
biosolids, 
mixed with 
green waste 
Biocompost 14 11 37 46 
MW 
Type 4 
Non-pure 
biosolids, low 
clay 
E2009 7 8 19 44 
SEW 
Non-pure 
biosolids, high 
clay 
P2009A1 35 19 16 10 
1Percent organic matter (OM) was calculated as Total C x 1.724, assuming all C in 
biosolids is organic C, 2 Composting facility.  
Note: Clay + Silt + Sand + OM may not always add up to 100% due to an artefact from 
the conversion factor used in calculating OM. 
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4.6.1 The respiration experiment  
To investigate how the biosolids treatment process affects C mineralisation and C loss, 
the respiration measured as CO2 was measured and represented as percentage C with 
respect to the original biosolids dry weight. The Figure 4.2 shows the raw respiration 
data the of six biosolids samples over time. The data showed clearly that most of the 
respiration occurred within the first 80 days. To capture the higher respiration in the 
first 80 days, the CO2 traps were changed regularly, and this can be observed in Figure 
4.2 by the higher number of data points in the early stages compared to data points 
after the 80 days mark. If the traps were not changed regularly in the first 80 days, the 
traps would be saturated with CO2 released from the samples during the early stages 
of respiration. Since all the traps were replaced consistently over time. The differences 
at a given point in time were due to the higher or lower CO2 released by respiration 
from the decomposing biosolids C. It was observed that the thermally dried, pelletised 
and solar dried biosolids had higher respiration than biocompost, E2009 and 
P2009A1 biosolids. To compare respiration of each biosolid sample, cumulative 
respiration (CR) was determined; this eliminated any aberrations in the raw data due 
to the timing of the trap replacement for individual samples (Figure 4.3). CR was 
calculated using the data in Figure 4.2 and (Equation 4.5. The result of the calculation 
is displayed in Figure 4.3. The CR graph (Figure 4.3) shows the difference between the 
biosolids type better than showing just the raw respiration data.   
 
Figure 4.2:  Respiration pattern (%C) of the biosolids samples measured over 
time.      
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CR results in Figure 4.3 showed that the Type 1, thermally dried and pelletised samples 
had similar behaviour which was also similar to the respiration results in Figure 4.2. 
Analysis of variance (ANOVA) was performed on both respiration (Figure 4.2) and CR 
(Figure 4.3) to determine if the difference between biosolids samples observed were 
significantly different. ANOVA results showed that there were no significant 
differences (P > 0.05) in CR between the pelletised and thermally dried samples. 
Similarly, there were no significant difference (P > 0.05) in respiration and CR 
between biocompost and E2009 samples. This could be due to the composting and 
windrowing process associated with Type 3 biosolids and the stockpiling process 
associated with Type 4 biosolids being both a pasteurisation process for the reduction 
of pathogens and maturation process for the reduction of VS. As a result of the 
pasteurisation and maturation processes remaining C turn out to be more stable due 
to the loss of labile fractions.   
The ANOVA results of the Type 3 biosolids showed that there was a significant 
difference (P < 0.05) in respiration and CR between the E2009 and P2009A1 
stockpiled biosolids. The marked differences between the P2009A1 and E2009 
samples may be explained by the higher clay content in the P2009A1 sample (Table 
4.2). The long stockpiling period resulted in significant loss of the labile C fraction and 
formation of humic substances. Also the presences of clay in P2009A1 can cause 
greater formation of organo-mineral complexes in biosolids which lead to physical 
protection of OM. The combined effect of stockpiling and clay content may result in 
more stable forms of C in the biosolids which could translate to a higher percentage of 
C in the slow mineralisation pool. 
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Figure 4.3: Cumulitave respiration pattern (%C) of the biosolids samples 
measured over time.      
4.6.1.1 Respiration data modelling 
To determine the respiration rate and to estimate the C pools and predict the C 
decomposition beyond the timescale of this study, the CR data was fitted to a model. 
The double-exponential decay function in Equation 4.6 was fitted to CR data as shown 
in Figure 4.3. The result of the model fit is displayed in Figure 4.4, and a summary of 
the model data is shown in Table 4.3. The results showed that the double-exponential 
decay function fitted the CR data well, with R2 values of 0.98 and higher and RSME of 
0.02 and lower (Table 4.3).  
Table 4.3 shows the data derived from the model. These results showed that there were 
differences and similarities between types of biosolids. According to the results Ct, Cf 
and Cs by biosolids types, was as follows: Type 1 > Type 2 > Type 4 (low clay, E2009) 
> Type 3 > Type 4 (high clay P2009A1). The reason that Type 1 and 2 had the highest 
Ct, Cf and Cs is due to the highest total C content in these two products. Type 3 and 4 
had the lowest Ct, Cf and Cs due to lower C levels. Ct is a constant in the double-
exponential model and represents the total C lost in respiration. Furthermore, Cf and 
Cs are the coefficients in the model and represent the C in the fast and slow pools of C, 
respectively. To compare the differences in Cf and Cs between each of the biosolids, the 
%Cf and %Cs were calculated based on Ct, Cs and Cf using Equation 4.9 and Equation 
4.10. Also, to compare the Ct between each of the samples, %Tloss was calculated using 
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Equation 4.12. The thermally dried, pelletised, solar dried, biocompost, E2009 and 
P2009A1 had %Tloss of 13 %, 14 %, 12 %, 4 %, 7 % and 5 %, respectively. Based on the 
type, the %Tloss from greatest to lowest was as follows: Type 1 (13 % -  14 %) > Type 2 
(12%) > Type 4 (low-clay) (7%) > Type 4 (high-clay) (5 %)> Type 3 (4 %).The %Tloss 
data of the biosolids investigated demonstrates that the Type 1 and 2 have the greatest 
loss of C due to respiration with a loss of 12-14 % and Type 3 and 4 had the lowest with 
4-7 %. To show the relevance of these %Tloss values, the amount of retained and lost 
biosolids C in 1 Mg of biosolids was calculated (Table 4.4) (for example, %Tloss of 5 – 
13 % resulted 87 - 95% of the total C remained). The %Tloss of 5 – 13 % in 1 Mg of 
biosolids resulted in 0.003 - 0.05 Mg of C lost, and 0.5 - 0.3 Mg of C retained. These 
estimates assume that all of the mineralised biosolids C are converted to CO2. 
However, this is an oversimplification as C can be lost as methane (CH4) as well as 
other volatile organic substances. Also, there may be more than two pools of C if 
respiration of biosolids is observed for a long enough time (> 1 yr). This finding 
underlines the importance of quantitative information on the sequestration potential 
of C in biosolids and consequent implication for the water industry. All biosolids 
products were shown to have a high potential for sequestration. 
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Figure 4.4: Double-exponential equations fitted to actual mineralisation data.    
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         Table 4.3: Summary of the results from the double-exponential model fit for each of the biosolids samples.  
Types Product Type Sample ID 
C(t0) 
(%C) 
Ct (%C) Cf (%C) kf (day-1) Cs (%C) ks(day-1) %Cf 
t1/2(f) 
(days) 
%Cs 
t1/2(s) 
(days) 
%CT 
%Tloss 
(%) 
R2 
RMSE 
(%C) 
Type 1 
Pure biosolids, 
heat treated 
Thermally Dried 39 5 2.7 0.038 2.6 0.0034 54 18 52 204 106 13 0.999 0.05 
Pelletised 35 5 2.9 0.038 2.2 0.0029 60 18 46 239 106 14 0.9996 0.02 
Type 2 
Pure biosolids, 
non-heat 
treated 
Solar dried 34 4 1.7 0.07 2.7 0.0016 40 10 64 433 104 12 0.999 0.01 
Type 3 
Non-pure 
biosolids, 
mixed with 
green waste 
Biocompost 27 1 0.23 0.07 0.78 0.0028 23 10 78 248 101 4 0.997 0.006 
Type 4 
Non-pure 
biosolids, low 
clay 
E2009 26 1 0.23 0.07 0.83 0.0025 23 10 83 277 106 7 0.997 0.006 
Non-pure 
biosolids, high 
clay 
P2009A1 5.7 0.3 0.04 0.07 0.24 0.001* 15 10 89 693 104 5 0.99 0.0005 
* Zero gradient  
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Table 4.4: C losses and C retained based on 1 Mg (or 1 tonne) of biosolids and 
the respiration model results.  
Types Sample ID 
Total C 
of 
Biosolids  
(%C) 
%Tloss 
(%) 
% Retained 
(%)* 
% Tloss + 
% 
Retained 
(%) 
C loss 
(Mg C) in 
1 Mg of 
biosolids 
C retained 
(Mg C) in 1 
Mg of 
biosolids 
Biosolids 
Conc. 
after C 
loss 
(%C) 
Type 1 
Thermally 
Dried 
39 13 87 100 0.051 0.34 34 
Pelletised 35 14 86 100 0.049 0.3 30 
Type 2 Solar dried 34 12 88 100 0.041 0.3 30 
Type 3 Biocompost 27 4 96 100 0.011 0.26 26 
Type 4  
E2009 26 7 93 100 0.018 0.24 24 
P2009A1 5.7 5 95 100 0.0029 0.054 5 
*% Retained = 100 - % Tloss  
Based on the model data, Ct and %Tloss give an estimate of the projected total C loss 
from respiration. To determine the dynamics of C loss as respiration over-time it is 
important to examine the C pool and the rates of respiration of these pools. The model 
used has two exponential components which relate to Cf and Cs. These two C pools 
mineralise at different rates; kf for the fast mineralisation pool and ks, for the slow 
mineralisation pool. Based on kf and ks , the half-lives of these first order processes 
were calculated (t1/2(f), and t1/2(s)). For example, the thermally dried biosolids had kf and 
ks values of 0.038 days-1 and 0.0034 days-1  respectively and t1/2(f) = 18 days and t1/2(s) = 
204 days, respectively. Both, Type 1 thermally dried and pelletised biosolids had a 
higher t1/2(f) of 18 days, and all the other biosolids types had t1/2(f) of 10 days. Compared 
to t1/2(f), t1/2(s) was more varied between the biosolids products and ranged from 204 – 
693 days. P2009A1 had the highest t1/2(s) and also the highest %Cs of 89%. The 
combination of both high t1/2(s) and %Cs means that the product is very stable compare 
to the other products. Also, solar dried biosolids had a t1/2(s) of 433 days and %Cs of 
64% which showed that the solar drying process increased the stability of biosolids 
compared to Type 1 biosolids.  
There are two possible reasons for the P2009A1 biosolids having the highest and the 
most stable C pool. Firstly, the higher clay content in P2009A1 may aid in the 
formation of primary organo-mineral complexes and aggregation (Gerzabek et al., 
2001, Six et al., 2002, Slattery and Surapaneni, 2002). The formation of these organo-
mineral complexes and aggregation physically protects the organic C from 
mineralisation (Starr et al., 2001) resulting in more stable C. Secondly, during the 3-
year stockpile period most of the labile C has been lost, and the remaining C in 
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biosolids is very stable. The loss of labile C may also explain why Type 3 and 4 had a 
higher %Cs of 78 – 89 % compared to %Cs of Type 1 and 2 of 46 – 64 %. The higher %Cs 
was because these biosolids were a matured product compared to Type 1 and 2. What 
this means for the water industry is that the land application of Type 1 and 2 biosolids 
should result in greater CO2 flux and greater respiration loss, compared to Type 3 and 
4 biosolids because of a greater labile C fraction.  
4.6.2 Biosolids product mineralisation  
The mineralisation data showed observable differences when comparing the four types 
of biosolids over time. All samples used in the incubation experiments were reduced 
in total C concentration with time when compared with C (t0) (Figure 4.5 and Table 
4.3). The %C loss was calculated in each case and was shown to follow: Type 1> Type 
3 ≥ Type 2 >Type 4 (Figure 4.6). The trend was similar to the CR respiration result -
Type 1 > Type 2 > Type 3 ≈ Type 4 (low clay) > Type 4 (high clay) - which was expected 
due to loss of most of the C from biosolids as CO2. Type 3 had greater  
%C loss in the mineralisation experiment than the respiration experiment when 
compared to the other types. The difference in the results was due to the mineralisation 
experimental conditions having better microorganism growth. 
After 330-days of incubation the %C loss results varied between types. The %C loss 
showed that only ~ 0.7 - 10 % C was lost across all biosolids products. The %C loss was 
higher than 0.3 – 5 % C (Ct) which is the estimated loss by the CR results. This 
difference in loss could be due to two reasons. Firstly, the respiration experiments used 
a passive sampling technique which gave a lower estimate than the active sampling 
techniques and consequently the amount of C mineralised as CO2. Second, as 
discussed earlier, not all biosolids were mineralised as CO2, as a fraction of the C was 
lost as CH4 and other volatile organic compounds. By observing the %C loss of data 
(Figure 4.6) it was found that the biosolids treated with similar treatments e.g. 
thermally dried and pelletised biosolids had a similar C loss. Similarly, stockpiled 
E2009 and P2009A1 also had similar %C losses when the two samples were compared.      
The decrease in %C loss was based on the type followed: Type 1> Type 2> Type 4 
(Figure 4.6). This decrease in %C loss with Type was mainly because of the treatment 
time for each biosolid followed the same order Type 1> Type 2> Type 4 and therefore 
there was a greater maturation of biosolids with increased treatment time. Thermally 
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dried and pelletised biosolids were rapidly dried resulting insufficient time for VS 
reduction. The rapidly drying process resulted the entire labile C pool being preserved 
and showed a more significant loss in mineralisation. Similarly, solar dried biosolids 
were dried more passively compared to the rapidly dried, thermally dried and 
pelletised biosolids; which resulted reduction in both VS and labile C but less than the 
reduction expected in Type 4 stockpiled biosolids. Type 4 biosolids had the lowest 
respiration and mineralisation compared to all biosolids products due to the extended 
stockpiling period (>3 yr.) resulting the loss of most labile C. Once the labile C was 
lost, the remaining C was very stable which was why E2009 and P2009A1 had the 
lowest %C loss.  P2009A1 had the lowest respiration and mineralisation which can be 
attributed to the clay impurity as discussed earlier. Also, the fluctuations in %C loss 
results were due to the use of PLS model predict based on the MID-IR spectrum to 
prediction total C. The PLS prediction method resulted less accurate estimates of total 
C compared to LECO C method and this resulted in greater variability in the data. 
Based on the mineralisation results described above, once the entire labile C pool was 
lost in all types of biosolids, the mineralisation of all biosolids C should be similar 
except from Type 3 biocompost and Type 4 high-clay impurity biosolids. The Type 3 
biocompost had different organic wastes added during the treatment process resulting 
in different mineralisation pools and consequently different rates. Similarly, the Type 
4 high-clay impurity biosolids may have clay-C interactions which may have caused 
the C to become more stable and mineralise more slowly. 
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Figure 4.5: Total C (%C) with time in (days) for each of 4 types of biosolids. 
 
 
Figure 4.6: %C loss vs. time in days for 4 types of biosolids. 
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4.6.2.1 Mineralisation data modelling 
A double exponential model was fitted to the mineralisation data (Equation 4.14). The 
results of the double exponential fit are displayed in Table 4.5 and Figure 4.7. The 
result of the model fit showed that the Type 1 and Type 2 biosolids fitted the model 
very accurately compared to Type 3 and Type 4. The R2 determined indicates how well 
the model fitted the data. For example, the Type 1 thermally dried and pelletised had 
a R2 of approximately = 1. The solar dried and biocompost products had R2 of 0.99 and 
0.98, respectively. For Type 4 biosolids, the double-exponential equation did not fit 
the data well and had low R2 of 0.66 for E2009 and 0.8 for P2009A1 biosolids. R2 
indicates fit but doesn’t estimate the error. RMSE is a measure of average error in the 
model. The RMSE varied considerably from 0.3 - 11 (Table 4.5). RMSE was a useful 
tool to compare models; models with low RMSE values fitted the data better compared 
to models with high RMSE values. To see how well the models fitted the data (Figure 
4.7).  
The double exponential model supports the presence of two pools - C active pool (Ca) 
and passive pool (Cp). The Ca and Cp varied between the biosolids samples and ranged 
from 1 – 10 % C and 5 – 30 % C, respectively (Table 4.5). A better way to compare the 
pools is using %Ca and %Cp. The %Ca and %Cp varied from 15 – 28 % and 72 – 85 %, 
respectively. Type 2, 3 and 4 biosolids having approximately the same %Ca and %Cp. 
The Ca and Cp estimates the C present in each pool and by observing the rate it can 
determine the speed at which these two C pools will mineralises. The ka varied from 
0.1 - 0.3 days -1 which is similar to values reported by Gilmour et al. (1996b) for the 
decomposition of fresh biosolids. The ka result of 0.3 - 0.1 days -1 corresponds to a 
calculated t1/2(a) of 2 - 23 days. Based on the model, %Ca of approximately 15 - 28% of 
the biosolids C will have a half-life of 2 - 23 days, (Table 4.6). Based on the %Ca and 
t1/2(a) result for every 1 Mg of biosolids 0.1 - 0.01 Mg of C has a half-life of 2 - 23 days. 
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Figure 4.7: Fitting double-exponential graphs to actual mineralisation data.    
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Table 4.5: Summary of the results from the double-exponential model fit for each of the biosolids samples. 
Biosolids 
type 
Product 
Type 
Sample 
Ca 
(%C) 
ka 
(days-1) 
Probability 
of zero slope 
for ka * 
Cp  
(%C) 
kp (×10-
4 days-
1) 
Probability 
of a zero 
slope for kp * 
TC(t0) 
%Ca 
(%) 
t1/2(a) %Cp 
(%) 
t1/2(p) 
(days) 
t1/2(p) 
(years) 
R2 
RMSE 
(days) (%C) 
Type 1 
Pure 
biosolids, 
heat treated 
Thermally 
dried  
9.03 0.043 P<0.05 30 1.5 P>0.05 39 23 16 77 4621 13 1 0.33 
Pelletised 9.58 0.03 P<0.05 25.2 0.9 P>0.05 35 28 23 72 7702 21 1 0.7 
Type 2 
Pure 
biosolids, 
non-heat 
treated 
Solar dried  5.06 0.044 P<0.05 28.9 1.8 P<0.05 34 15 16 85 3851 11 0.99 0.87 
Type 3 
Non-pure 
biosolids, 
mixed with 
green waste 
Bio 
compost 
4 0.1 P>0.05 23.4 7.5 P<0.05 27 15 7 85 924 3 0.98 3.12 
Type 4 
Non-pure 
biosolids, 
low clay 
E2009 4 0.29 P>0.05 23.3 0.1 P>0.05 27 15 2 85 69315 190 0.66 11 
Type 4 
Non-pure 
biosolids, 
high clay 
P2009A1 1 0.03 P>0.05 4.93 0.1 P>0.05 6 17 23 83 69315 190 0.8 0.34 
*P<0.05 the slope was significantly non-zero or P>0.05 the slope was not significantly non-zero (flat-line)  
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Table 4.6: Estimation of  Ca in 1 Mg of biosolids.  
Types Sample ID 
Total C of 
Biosolids  
(%C) 
%Ca (%) 
t1/2(a) 
(Days) 
Mg Ca in 1 
Mg of 
Biosolids 
Type 1 
Thermally 
Dried 
39 23 16 0.09 
Pelletised 35 28 23 0.10 
Type 2 Solar dried 34 15 16 0.05 
Type 3 Biocompost 27 15 7 0.04 
Type 4  
E2009 26 15 2 0.04 
P2009A1 5.7 17 23 0.010 
 
Compared to ka, the rate constant of the passive pool (kp) was significantly smaller and 
varied from ~8×10-4 – 0.1×10-4 Days -1 in the 6 biosolids types used for this experiment. 
Also, the gradient of the second component slope for most biosolids was not 
significantly non-zero. That means that the second component slope may equal to 
zero. This is due to the very slow mineralisation in the passive C pools. The kp by a 
group from the highest to lowest was as follows; Type 3 > Type 1 = Type 2 > Type 4. 
Based on the kp, the biosolids with the least stable C were Type 3, followed by Type 1 
and 2, and finally Type 4 which had the most stable C in the Cp pool. The %Cp or 
percentage of C in the passive pool was estimated at 72 - 85 % and had a t1/2(p) estimated 
ranged from ~ 3 - 190 years (Table 4.7). Based on t1/2(p), the biosolids most stable C for 
the long-term capture of C: Type 4 > Type 1 = Type 2 > Type 3. For Type 1 and 2 
biosolids, t1/2(p) estimated ranged from 21 - 13 years compared to Type 3 biosolids 
where t1/2(p) was significantly higher at 190 years. Type 4 stockpiled biosolids had the 
most stable C biosolids with a t1/2(p) 190 years and therefore it is likely that the 
significant amount of C stored when applied to land.  
Table 4.7: Estimation of Cp in 1 Mg of biosolids. 
Types Sample ID 
Total C of 
Biosolids  
(%C) 
%Cp (%) t1/2(p) (yrs.) 
Mg Cp in 1 Mg 
of Biosolids 
Type 1 
Thermally 
Dried 
39 77 13 0.30 
Pelletised 35 72 21 0.25 
Type 2 Solar dried 34 85 11 0.29 
Type 3 Biocompost 27 85 3 0.23 
Type 4  
E2009 26 85 190 0.22 
P2009A1 5.7 83 190 0.047 
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Based on the results presented in Table 4.7, Type 4 biosolids had the most stable C in 
the passive pool.  Based on both the respiration data and the mineralisation data Type 
4 biosolids were the most stable. There are two likely reasons for this stability. Firstly, 
the high clay content increases the stability of the biosolids by forming organo-mineral 
complexes and secondly, the maturation and pasteurisation process increases the 
humification of biosolids and resulted in the labile C being lost.  
4.6.3 Implications for the water industry  
In 2017, Australia produced 372,000 dry Mg of biosolids, and 31 percent of this came 
from Victoria (ANZBP, 2017). The study also provides vital information on the effects 
of various biosolids management processes on biosolids mineralisation process. The 
results from the current study provide estimates of how much C can potentially be 
sequestered in the land application operation which is essential for C accounting 
purposes. Using the mineralisation data from this study an estimate of the loading rate 
of each of the C pools was calculated and could be used to determine the possible 
emission and C storage potential of each C pool in biosolids destined for land 
application. Based on the total C concentration of biosolids and assuming an 
application rate of 1 tonne/ha (or Mg/ha), the C loading rate for the biosolids products 
ranges from 0.06 - 0.4 Mg C/ha. Based on the respiration data and the loading rate of 
0.06 - 0.4 Mg C/ha, 5 % - 14 % of the C was lost as CO2 (%Tloss). The estimated C loss 
and C storage calculated in this section were based on the assumption of constant 
hydrology at 50 % water holding capacity, constant temperature at ~ 20 ͦ C and no 
interaction from soil properties. The loss of 5 % - 14 % of biosolids C equates to a loss 
of 0.003 - 0.05 Mg C/ha or 0.01 - 0.2 Mg CO2/ha lost through respiration (Table 4.8). 
Out of this loss, 15 % - 54 % or 0.002 - 0.1 Mg CO2/ha were in the fast mineralising 
pool (Cf) and depending on the biosolids product, which has a half-life of 10 - 18 days 
(Table 4.9). The remaining C in the slow pool (Cs) which accounts for 52 – 89 % of the 
C loss as CO2 or 0.01 - 1 Mg CO2/ha has a half-life of 204 - 693 days’ (Table 4.10).  
These rates equations can provide the quantitative information required by water 
corporation professionals to estimate the potential emissions from land application of 
biosolids. It is, however, important to note that a passive sampling method was used 
to obtain the kinetic parameters and therefore, these values are likely to underestimate 
compared to using an active sampling method, which would be closer to the actual C 
lost from respiration in a field situation. For the better understanding of the C 
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dynamics in the total biosolids C pool, the mineralisation study was undertaken to 
show the potential of C storage based on biosolids types. The mineralisation study 
investigated C in biosolids as a whole (i.e. total C) with time while the respiration study 
looked at the loss or emission as CO2 which was a significant fraction of the C lost. In 
an ideal situation, the results of these two methods should have a perfect inverse 
relationship. The total C should reduce with the time while the cumulative loss or 
emission of C should increase with time. The modelled and kinetics data also reflect 
the observed differences in the mineralisation study. This study models the C 
dynamics in each biosolids sample with time while the respiration study modelled the 
C loss of each biosolids sample with time. Therefore, the respiration and the 
mineralisation data should be inversely related. The reasons why the model data are 
different and not comparable was firstly due to the two distinctively different methods 
used in the two studies (see methodology section). Secondly, the C loss was determined 
by measuring CO2, but C was also lost as CH4 and small organic compounds thus, the 
respiration method is not measuring total C loss. Hence, the results from 
mineralisation and respiration study are distinctly different and not comparable.  
Table 4.8: Estimation of biosolids C loss/ha using respiration result and one 
tonne per ha application rate.   
Biosolids 
type  
Product Type 
Biosolids 
Total C 
(%C) 
C Loading 
rate 
(Mg C /ha) 
%Tloss 
(%) 
Ct (%C) 
*Loss as 
CO2 
(Mg C /ha) 
** Loss as 
CO2 
(Mg CO2 
/ha) 
Type 1 
Pure biosolids, heat 
treated 
39 0.4 13 5 0.05 0.2 
35 0.4 14 5 0.05 0.2 
Type 2 
Pure biosolids, non-
heat treated 
34 
0.3 
12 4 0.04 0.2 
Type 3 
Non-pure biosolids, 
mixed with green 
waste 
27 
0.3 
4 1 0.01 0.04 
Type 4 
Non-pure biosolids, 
low clay 
26 
0.3 
7 2 0.02 0.1 
Type 4 
Non-pure biosolids, 
high clay 
5.7 
0.06 
5 0.3 0.003 0.01 
* Assuming 1 tonne / ha (or Mg/ha) application rate. ** Loss as CO2 (Mg CO2/ha) = 
Loss as CO2 (Mg C/ha) × 3.7 (3.7= conversion factor to cover C to CO2 equivalent)  
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Table 4.9: Estimation of Cf loading rates using respiration data and one tonne 
per ha application rate.   
Biosolids 
type  
Product Type %Cf 
*Cf Loading rates 
(Mg C/ha) 
**Cf Loading rates 
(Mg CO2/ha) 
t1/2(f) 
(days) 
Type 1 Pure biosolids, heat treated 
54 0.03 0.1 18 
60 0.03 0.1 18 
Type 2 Pure biosolids, non-heat treated 40 0.02 0.06 10 
Type 3 
Non-pure biosolids, mixed with 
green waste 
23 0.002 0.01 10 
Type 4 Non-pure biosolids, low clay 23 0.005 0.02 10 
Type 4 Non-pure biosolids, high clay 15 0.0005 0.002 10 
* Assuming 1 tonne/ha (or Mg/ha) application rate. ** Cf Loading rates (Mg CO2/ha) 
= Cf Loading rates (Mg C/ha) × 3.7 (3.7 = conversion factor to cover C to CO2 
equivalent)    
Table 4.10: Estimation of Cs loading rates using respiration data and one tonne 
per ha application rate.   
Biosolids 
type  
Product Type %Cs 
*Cs Loading 
rates (Mg C/ha) 
** Cs Loading 
rates 
(Mg CO2/ha  ) 
t1/2(s) 
(days) 
Type 1 Pure biosolids, heat treated 
52 0.03 0.1 204 
46 0.02 0.1 239 
Type 2 
Pure biosolids, non-heat 
treated 
64 0.03 0.1 433 
Type 3 
Non-pure biosolids, mixed with 
green waste 
78 0.008 0.03 248 
Type 4 Non-pure biosolids, low clay 83 0.02 0.06 277 
Type 4 Non-pure biosolids, high clay 89 0.003 0.01 693 
* Assuming 1 tonne per ha application rate. ** Cs Loading rates (Mg CO2/ha) = Cs 
Loading rates (Mg C/ha) × 3.7 (3.7 = conversion factor to cover C to CO2 equivalent)    
As discussed earlier the two studies resulted two different estimations in the C pool 
loading rates and gave two different estimates of the potential of biosolids C storages. 
The following section shows the importance of the mineralisation study results and 
the double exponential model data on the estimated C storage potential of biosolids. 
If the assumption is made that biosolids C in soil mineralises in the same way to the 
biosolids C in the incubation experiment, the amount of C in each C pool can be 
determined for each biosolids Type and also the rate at which each pool mineralises, 
(Table 4.11 & Table 4.12). Based on this study it was determined that the Ca will 
mineralise faster while the Cp mineralised slower relative to Ca. Furthermore, the 
overall input of each C pool in soil is dependent on the application rate of each 
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biosolids and the application area. For example, P2009A1 Pakenham biosolids have 
the lowest total C ~ 6 % and had a Cp loading rate of 0.05 Mg C/ha (based on 1 Mg/ha 
application rate). A Cp loading rated of 0.05 Mg C/ha does not seem a lot compared to 
other biosolids which is due to the unintentional dilution of C and nutrients by clay 
from the clay drying pan. The application rates of these Type 4 Pakenham biosolids 
are ~ 100 Mg dry biosolids/ha. Based on the application rate of 100 Mg dry 
biosolids/ha that equals to Cp loading rate of 5 Mg C/ha (100 times). With an 
application area of 10 ha which is not uncommon, this equates to 50 Mg of C or 185 
Mg of CO2 equivalent stored in the soil with a half-life of ~ 190 years. This C storage 
estimate shows the potential and importance of including biosolids in any C account 
scheme. The critical information gained from this section highlights the importance of 
treatment process on the stability and storage potential of biosolids C. Additionally, 
with the large quantities of these biosolids produced and applied to land annually even 
if a minute fraction of these biosolids C were stored in the soil, this would result in a 
significant amount of C sequestered annually. The implication is that the water 
industry could significantly reduce its emission by sequestering biosolids in soil.  
Table 4.11: Estimation of Ca Loading rate using mineralisation data and one 
tonne per ha application rate.   
Biosolids 
type  
Product Type %Ca (%) Ca (%C) 
*Ca loading 
rate 
**Ca loading 
rate 
t1/2(a) 
(days) 
(Mg C\ha) (Mg CO2/ha) 
Type 1 
Pure biosolids, 
heat treated 
23 9.03 0.09 0.33 9 
28 9.58 0.10 0.36 14 
Type 2 
Pure biosolids, 
non-heat 
treated 
15 5.06 0.05 0.19 9 
Type 3 
Non-pure 
biosolids, 
mixed with 
green waste 
15 4 0.04 0.15 7 
Type 4 
Non-pure 
biosolids, low 
clay 
15 4 0.04 0.14 12 
Type 4 
Non-pure 
biosolids, high 
clay 
17 1 0.01 0.04 14 
 * Assuming 1 tonne per ha application rate. ** Ca Loading rates (Mg CO2/ha) = Ca 
Loading rates (Mg C/ha) × 3.7 (3.7 = conversion factor to cover C to CO2 equivalent)  
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Table 4.12: Estimation of Cp Loading rate using mineralisation result and one 
tonne per ha application rate.   
Biosolids 
type  
Product Type %Cp (%) Cp (%C) 
*Cp 
Loading 
rate 
**Cp Loading 
rate t1/2 (p) (yrs.) 
(Mg C/ha) (Mg CO2/ha) 
Type 1 
Pure biosolids, 
heat treated 
77 30 0.3 1.1 13 
72 25 0.3 0.94 21 
Type 2 
Pure biosolids, 
non-heat 
treated 
85 29 0.3 1.1 11 
Type 3 
Non-pure 
biosolids, 
mixed with 
green waste 
85 23 0.2 0.85 3 
Type 4 
Non-pure 
biosolids, low 
clay 
85 23 0.2 0.82 190 
Type 4 
Non-pure 
biosolids, high 
clay 
83 5 0.05 0.18 190 
* Assuming 1 tonne per ha application rate. ** Cp Loading rates (Mg CO2/ha) = Cp 
Loading rates (Mg C/ha) × 3.7 (3.7 = conversion factor to cover C to CO2 equivalent) 
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4.7 Conclusion  
The respiration data from the study showed that there were differences in 
CO2 production between the biosolids Types. These differences were related to 
the treatment process and maturation time. Once the labile pool was lost, the 
remaining C was very stable as demonstrated by the biphasic CR versus time plots. 
The mineralisation study showed similar trends to the respiration study, and it was 
found that there was very little change in the stable C pools of biosolids products once 
the initial labile C was lost. The Type 4 biosolids had the lowest mineralisation of all 
biosolids products which was attributed to enhanced stability from clay impurities and 
long maturation time with most of the labile C pool lost. Fitting respiration and 
mineralisation data to an exponential model showed that that Type 1 and Type 2 
biosolids fitted the model very well compared to Type 3 and Type 4. The model data 
showed that Type 4 stockpile and matured biosolids had the most stable C and had a 
half-life in the passive pool of approximately 190 years. These findings support the 
hypotheses that mineralisation will be dependent on the types and treatment 
processes involved in biosolids production and also that the matured biosolids will 
have the most stable C pools.  
The work described in this chapter provides critical information to water corporations 
on the fate of biosolids C in biosolids products as well as kinetic modelling information 
that can enable estimates of C mineralisation in sequestration operations. Based on 1 
dry tonne of product applied to land (assuming constant temperature and no 
interactions from receiving soils) it was found that 15 – 28 % of the total C or 0.04 - 
0.4  Mg C/ha, had a half-life of 9 - 14 days. The remaining 72 – 85 % of biosolids C 
or 0.2 - 1 Mg C/ha had a half-life of 3 – 190 days. 
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Chapter 5: Effect of Clay 
Materials on the Mineralisation 
of C in Biosolids  
5.1 Preamble  
The different sludge treatments and harvesting processes used in biosolids production 
can lead to clay-rich biosolids (up to 40 %) harvested from clay-lined drying pans. In 
the previous chapter, different types of biosolids were investigated for mineralisation 
and respiration kinetics. The results showed that Type 4 stockpiled and clay-rich 
biosolids had the most stable C. This chapter describes a study designed to examine 
the effect of various clay materials on the stabilisation of C in biosolids.  
5.2 Introduction  
In chapter 2, there were marked differences in Si, Al, clay, and C content in various 
biosolids products described.  Clay and C content in biosolids products, for example, 
were found to vary from 5 – 37 % and 5 – 41 %, respectively. Differences were 
attributed to the age of the biosolids, clay impurity in the biosolids, and different 
treatment and sludge drying processes used in the overall production. A strong inverse 
relationship between total C (TC) and clay was also observed. XRD analysis showed 
clay type to be predominantly kaolin (1:1) and smectite (2:1).  
Clay in biosolids originates from the sludge drying and harvesting process using clay 
beds and clay-lined drying pans. One common practice is to use a boom towed by a 
tractor as well as swamp dozer to mix the drying sludge crust into the bulk of the sludge 
in the clay-lined drying pans (Crosher, 2008). These two separate operations 
(booming and swamp dozing) enable rapid sludge drying in summer months (Crosher, 
2008) but also result in the simultaneous removal of clay from the drying pan liner. 
The resulting biosolids product then has added clay (15 – 41 %) as an impurity and in 
most cases have characteristics akin to soils.  
 Clay-liners or compacted clay soil liners were widely used as hydraulic barriers in 
wastewater facilities. To be an effective barrier, the compacted soil liner should have 
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low hydraulic conductivity, which is recommend to be less than 1 × 10-9 m/s and to a 
depth of 300 mm in most of the guidelines (South Australia, 2014, Victoria, 2003). 
However, there is no other requirement of clay type, and/or mineralogy specified. 
Most water authorities’ sourced clay from a location near to the treatment plants that 
meet guideline requirements.  
It is well known that the repeat application of biosolids to soil can increase organic C 
(Tian et al., 2009). A 42 years field experiment (Figure 5.1) by Gerzabek et al. (2001) 
has shown that the biosolids increase organic C in the bulk soil and also most of the 
organic C was stored in the silt and clay fractions of the soil (Figure 5.1). Furthermore, 
it has been reported that the clay and silt in soil help to stabilise soil organic C and 
protect it from mineralisation (Six et al., 2002). Silt and clay could protect SOC by 
forming primary organo-mineral complexes that chemically protect the C. The amount 
of protection increased with increased silt and clay percentages in the soil.  
 
Figure 5.1: Percentage C in the bulk soil, course sand, fine sand, silt, clay and 
fine clay fraction after 42 years field experiment is in central Sweden near 
Uppsala (Gerzabek et al., 2001). 
Studies focusing on the effect of clay content on organic C have shown the type of clay, 
specific surface area and CEC of the clay affect OC stability (Bruun et al., 2010, Elert 
et al., 2015, Gerzabek et al., 2001, Saidy et al., 2013, Saidy et al., 2012, Six et al., 2002, 
Six et al., 2006).  Sorption studies by Saidy et al. (2013) on Dissolved Organic C (DOC) 
found the maximum adsorption capacity of phyllosilicate clays increased in the order 
of kaolinite < illite < smectite on the mass basis, and illite < Smectite < kaolinite on 
the surface area basis. It was reported that the 2:1 clay (e.g. smectite or 
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montmorillonite) compared to 1:1 clay (e.g. kaolinite) had the greatest stability of OC 
in soil (Saidy et al., 2013, Saidy et al., 2012, Six et al., 2002, Six et al., 2006). Saidy et 
al. (2013) explained this difference in stability by higher specific surface area (SSA) 
and cation exchange capacity (CEC) in 2:1 clay (i.e. Smectite) compared to the 1:1 clay 
(i.e. Kaolinite) (Figure 5.2). Greater SSA in the 2:1 clay gives a larger area for the OC 
to adsorb onto clay surface while increase in CEC relates to the increase in multivalent 
cations such as Ca2+, Mg2+ and Al3+ that bridges the negatively charged clay surfaces 
and negatively charged anionic functional groups of OM (Saidy et al., 2013).     
 
Figure 5.2: (a) Specific surface area (SSA) for each clay type  and (b) Cation 
exchange capacity (CEC) for each clay type (Saidy et al., 2013).  
In the incubation study described in chapter 4, six samples were selected to represent 
the different types of biosolids. These samples were used to gather critical information 
on biosolids mineralisation kinetics. From the mineralisation data and kinetic 
information, it was established that the stockpile and clay-rich biosolids had the lowest 
mineralisation and the most stable C. This chapter describes an investigation into the 
effects of clay in biosolids on C mineralisation. The overall objective of this research is 
to understand the effect of clay and clay type have on C stability in biosolids and if this 
affects C sequestration during post land application.  
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5.1.1 Hypothesis 
• There is a reduction in respiration and mineralisation when biosolids products 
contain clay mineral. 
• There are differences in respiration and mineralisation between clay types 
present in the biosolids. 
5.1.2 Objectives  
The objective of this study was: 
1) To understand the role of clay in biosolids C mineralisation.  
2) To understand how mineral clays like kaolinite (1:1) and bentonite 
[montmorillonite (2:1)] affect C mineralisation compared to the typically mixed 
clay that is used in the drying pans. 
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5.3 Materials and methods  
5.3.1 Experimental design  
To test whether clay, clay type and clay concentration influence biosolids C 
mineralisation, an experiment with two sub experiments was designed. The first sub 
experiment was an incubation experiment that measures the mineralisation of C over 
time in biosolids-clay mixtures and the second sub experiment was designed to 
measure respiration (CO2) in the same biosolids-clay mixture using established 
passive sampling techniques.      
 Incubation experiment  
An incubation experiment was designed to examine the effects of clay type, and 
varying clay concentrations have on biosolids C mineralisation. To undertake this 
experiment, 2 types of pure biosolids were also selected; solar dried (SD) and pelletised 
(Pell) biosolids. Three types of clays were selected- kaolinite, bentonite and clay drying 
pan clay.  The SD and Pell biosolids were sourced from the Boneo treatment plant solar 
drier and the Central Highlands thermal drying plant in Ballarat, respectively. The 
kaolinite (KA) clay was obtained from Imerys Minerals Australia Pty Ltd, the bentonite 
(BE) was obtained from Arumpo Bentonite, and the clay drying pan (CDP) sample was 
gathered from Boneo treatment plant. The XRD analysis of the CDP clay mixture 
showed that the material had 39 % quartz, 5 % goethite, < 1 % hematite, < 1 % Anatase, 
< 1 % rutile, 50% kaolin, 2 % smectite and 2 % gibbsite. The kaolinite and bentonite 
were sourced in dry powder form and required no further treatment. The clay drying 
pan clay, SD and Pell biosolids were dried, ground and sieved to < 2 mm to remove 
gravel and other material. The samples were further mixed and milled to a fine 
powder. The three types of clay were added to non-clay contaminated biosolids in 
increasing concentrations according to Table 5.1. 300 g of the homogenised biosolids-
clay mixture was weighed into a 1 L glass jar and subsequently adjusted to 50 % of the 
water holding capacity (WHC) and incubated in a dark room at 20 ͦ C for 300 days. 
Approximately 10g samples were collected every 30 days, dried, then ground and 
measured for total C using the IR PLS method described in chapter 3. 
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Table 5.1: Compostion of solar dried (SD) biosolids/clay samples for the 
incubation study.  
Biosolids Clay type  Conc. (%) Sample label Replicate Mass (g) 
SD 
biosolids 
Control (no clay) 0 SD 3 300 
Kaolinite (KA)  
1:1 
10 SD-KA10% 3 300 
20 SD-KA20% 3 300 
30 SD-KA30% 3 300 
40 SD-KA40% 3 300 
50 SD-KA50% 3 300 
Bentonite (BE) 
(Montmorillonite 
2:1) 
10 SD-BE10% 3 300 
20 SD-BE20% 3 300 
30 SD-BE30% 3 300 
40 SD-BE40% 3 300 
50 SD-BE50% 3 300 
Clay Drying Pan 
(CDP) 
10 SD-CDP10% 3 300 
20 SD-CDP20% 3 300 
30 SD-CDP30% 3 300 
40 SD-CDP40% 3 300 
50 SD-CDP50% 3 300 
Total     48 4,800 
 
Table 5.2: Compostion of thermally dried and pelltised (Pell) biosolids/clay 
samples for the clay incubation study.  
Biosolids Clay type Conc. (%) Sample label Replicate Mass (g) 
Thermally 
Dried and 
Pelletised 
(Pell) 
Control (no clay) 0 Pell 3 300 
Kaolinite (KA)  
1:1 
10 Pell-KA 10% 3 300 
20 Pell-KA20% 3 300 
30 Pell-KA30% 3 300 
40 Pell-KA40% 3 300 
50 Pell-KA50% 3 300 
Bentonite (BE) 
(Montmorillonite 
2:1) 
10 Pell-BE10% 3 300 
20 Pell-BE20% 3 300 
30 Pell-BE30% 3 300 
40 Pell-BE40% 3 300 
50 Pell-BE50% 3 300 
Clay Drying Pan 
(CDP) 
10 Pell-CDP10% 3 300 
20 Pell-CDP20% 3 300 
30 Pell-CDP30% 3 300 
40 Pell-CDP40% 3 300 
50 Pell-CDP50% 3 300 
Total   
  
48 4,800 
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Respiration experiments  
The respiration experiment was conducted according to the method described by 
Bolan et al. (2012). A known amount of biosolids-clay mixtures were weighed into a 
glass vial to ensure that each vial contained the same amount of C (3 g). Each of the 
vials was placed in a jar, with a glass vial of water to ensure water-saturated 
atmosphere, together with a CO2 trap containing 20 ml of 2 M NaOH. The incubation 
procedure is mentioned in greater details in chapter 4.  
5.3.2 Surface area  
BET and Langmuir Surface area was measured using a Micrometrics (Model ASAP 
2000) instrument. A known amount (~1 - 0.5 g) of clay was placed into the glass tube 
and then dried at 200 ͦ C under vacuum. Once dried, the samples were placed in the 
instrument and the absorption of N2 was measured. The raw data was collected, and 
the BET and Langmuir isotherms analysed using the MocroActive software.    
5.3.3 pH1:5 H20 & CaCl2 and EC1:5 
Measurements of pH1:5 H20, pHCaCl2 and EC1:5 were carried out according to the method 
described in chapter 2. 
5.3.4 Exchangeable cations and CEC 
For exchangeable cations and CEC methods, please refer to the method in chapter 2. 
5.3.5 Total C using Mid-IR 
Please refer to chapter 3 for method details. 
5.3.6 Analysis of data  
Respiration experiment model and calculation  
The cumulative respiration was calculated according to Equation 4.5 in chapter 4. The 
data were fitted to the double exponential model. The extrapolation and evaluation of 
the information from the model were carried out using Equations 4.7 -4.12, presented 
in chapter 4. A comparison of the CR between the samples, the % lossr was calculated 
using Equation 5.1.        
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% lossr 
%𝑙𝑜𝑠𝑠𝑟(𝑡) = (
𝐶𝑅(𝑡)
𝐶(𝑡0)
) × 100 
 
% lossr (t) = percentage C loss as respiration at time (t) (%) 
C (t) = total or cumulative respiration concentration from the sample at time t (%C) 
C (t0) = to the initial C concentration of the sample at the start of the experiment (%C)  
(Equation 5.1) 
Mineralisation experiment calculation 
The mineralisation data was fitted to a model and analysed in the same way as 
described in chapter 4. The % lossm calculated (using Equation 5.2) and was given the 
subscript m (% lossm) in order not to be confused with the % lossr. 
% lossm 
% 𝑙𝑜𝑠𝑠𝑚 (𝑡) = (
%𝐶 𝐿𝑜𝑠𝑠 (𝑡)
𝐶(𝑡0)
) × 100  
% lossm (t) =percentage C loss by mineralisation at the time (t) based on the initial C 
concentration of the sample at the start of the experiment (%C) 
%C Loss (t) = percent C loss at time (t) 
C (t0) = the initial C concentration of the sample at the start of the experiment (%C)  
(Equation 5.2) 
5.3.7 Statistical analysis  
Data were subject to Analysis of variance (ANOVA) using Minitab 17 statistical 
software package. 
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5.4 Results and discussion    
5.4.1 Clay characteristics 
The clays selected to be used in the incubation study were characterised for pH, EC, 
surface area, exchangeable cations and CEC. Surface area and CEC was deemed by the 
literature to be the essential characteristics of clay that may affect the mineralisation 
of biosolids (Saidy et al., 2013). Table 5.3 shows the pH and EC data of the biosolids 
and clay. Both Pell and SD biosolids used in this experiment had a neutral to slightly 
acidic pH based on pHw and pHcacl2. For the clay samples, pHw and pHcacl2 for both KA 
and BE were acidic compared to CDP which was neutral to slightly acidic. This is 
important because it can affect the availability of metals and surface interactions. The 
ECs of both biosolids were saline compared to the three clays.  
Table 5.3: pH and EC of the biosolids and clay used in the experiment. 
  Sample pHw Error pHcacl2 Error EC1:5 (dS/m) Error 
Biosolids Solar Dried (SD) 6.38 0.02 5.52 0.03 3.4 0.06 
Pelletised (Pell) 6.65 0.02 5.86 0.01 2.3 0.3 
Clay Kaolinite (KA) 4.80 0.05 4.21 0.02 0.28 0.006 
Bentonite (BE) 4.68 0.01 4.36 0.03 2.89 0.01 
Clay Drying pan (CDP) 6.58 0.02 5.99 0.03 0.27 0.008 
 
Table 5.4 shows the surface area of the clays used for the experiments. Based on the 
BET and Langmuir data, the surface area of each clay from the highest to the lowest 
surface area, was as follows; bentonite (BE) > clay drying pan (CDP) > kaolinite (KA). 
The higher the surface area of the clay, the greater area for OM functional groups to 
bind and adsorb to the surface of the clay when the biosolids and clay have been mixed. 
Table 5.4: Surface areas of the clays used to derive BET.   
Sample 
BET  
m2/g 
Clay 
Kaolinite (KA) 20 
Bentonite (BE)  210 
Clay Drying pan (CDP) 63 
 
The cation exchange properties of the clay which was found to vary greatly as a 
function of clay type (Table 5.5).  CEC relates to the positively charged cations which 
have been shown to form bridges with the OM and negatively charged clay surfaces 
and negatively charged anionic functional groups of OM (Saidy et al., 2013). These OM 
bridges are one of the pathways hypothesised to increase C stability in OM. Based on 
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the CEC data, the clay with the greatest potential to react with OM was follows: BE > 
CDP >KA. Overall, BE clay had the greatest potential due to the higher surface area 
and exchange properties. 
Table 5.5: Exchangeable properties of the clay used.  
 Exch. Ca Exch. K Exch. Mg Exch. Na CEC ESP 
cmol(+)/kg cmol(+)/kg cmol(+)/kg cmol(+)/kg cmol(+)/kg % 
Kaolinite (KA) 0.32 <0.01 1.1 1.1 4.6 23 
Bentonite (BE) 0.08 2.1 18 24 62 38 
Clay Drying pan (CDP) 3.8 0.19 5.6 2 13 15 
5.4.2 Respiration of biosolids and clay mixture    
The respiration in biosolids (SD and Pell) and biosolids mixed with varying amounts 
of clay was measured to determine if clay can stabilise biosolids C. The results of the 
mineralisation regarding CR for the SD and Pell, treated with KA, BE and CDP clay are 
presented in Figure 5.3. Each of these clays was added to have a final concentration 
ranging from 10 to 50 % of clay. There was an observable difference in CR between the 
control (SD & Pell), and clay treated samples. The ANOVA results showed a significant 
(p<0.05) difference in CR between control and all samples treated with 50 % clay. 
However, there was no difference between the clay type which was an unexpected 
result because of the diverse physical and chemical properties of clay. This observation 
may be due to a dilution effect from the clay addition to get the desired clay 
concentrations in the sample and not through a stabilisation process relating to C-clay 
interactions.  
To further investigate this observation, percentage loss of C from respiration (% lossr) 
was calculated to make the data independent of the clay dilution (Figure 5.4). This 
calculation assumes that all C comes from biosolids and shows the respiration 
regarding % lossr. This assumption is justified due to the pure clay samples being used 
in this experiment. The results showed no significant differences between the control 
(i.e. SD and Pell) and mixed clay sample and showed no significant difference between 
clay concentration and clay type. All the SD and SD mixed with clay samples 
mineralised 8 % of the total C after 320 days and all the Pell samples mineralised 
approximately 12 % of the total C. The consistent results across the biosolids/clay 
mixtures showed that the overall mineralisation is dependent on the biosolids type and 
not the clay concentration or clay type.  
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Figure 5.3: CR results for the 2 biosolids and the 3 clays with increasing clay concentration from 10-50%. The error bars in graphs are 
cumulative errors.    
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Figure 5.4: % Loss results for the 2 and the 3 clays with increasing clay concentration from 10-50%. The error bars in graphs are 
cumulative errors.  
0
2
4
6
8
10
12
14
16
18
0 50 100 150 200 250 300 350
%
lo
ss
r(
%
)
Days
SD-KA
SD
SD-KA10%
SD-KA20%
SD-KA30%
SD-KA40%
0
2
4
6
8
10
12
14
16
18
0 50 100 150 200 250 300 350
%
lo
ss
 r
(%
)
Days
SD-BE
SD
SD-BE10%
SD-BE20%
SD-BE30%
SD-BE40%
0
2
4
6
8
10
12
14
16
18
0 50 100 150 200 250 300 350
%
lo
ss
r(
%
)
Days
SD-CDP
SD
SD-CDP10%
SD-CDP20%
SD-CDP30%
SD-CDP40%
0
2
4
6
8
10
12
14
16
18
0 50 100 150 200 250 300 350
%
lo
ss
 r
(%
)
Days
Pell-KA
Pell
Pell-KA10%
Pell-KA20%
Pell-KA30%
Pell-KA40%
0
2
4
6
8
10
12
14
16
18
0 50 100 150 200 250 300 350
%
lo
o
s r
(%
)
Days
Pell-BE
Pell
Pell-BE10%
Pell-BE20%
Pell-BE30%
Pell-BE40%
0
2
4
6
8
10
12
14
16
18
0 50 100 150 200 250 300 350
%
lo
ss
r(
%
)
Days
Pell-CDP
Pell
Pell-CDP10%
Pell-CDP20%
Pell-CDP30%
Pell-CDP40%
232 
 
232 | P a g e  
 
5.4.3 Respiration model 
In this section, the CR data for both SD and Pell biosolids mixed with clay was fitted 
to the double exponential model (Table 5.5 & Table 5.6). The results provide an insight 
on how the theoretical C pools may mineralise over time.  
Solar dried biosolids and solar dried biosolids mixed with clay  
In this section, double exponential model results of SD biosolids and SD biosolids/clay 
were compared to determine whether the clay addition to pure SD biosolids affects the 
overall mineralisation. Figure 5.5 shows the result of the model fit and gives an 
estimate of Ct, Cf and Cs pools. The results showed that there were small differences in 
Ct, Cf and Cs pools between clay types. Also, a reduction in C in the Ct, Cf and Cs pools 
was found with increase clay levels from 10 - 50 %, except with CDP where the Cs pool 
stayed constant at ~ 2 %C. This general downward trend of C with an increase in clay 
levels was due to the dilution effect mentioned earlier. The Cs in the CDP treated 
samples did not reduce as expected which may be due to the stabilisation of C by the 
clay. Additionally, there was a decrease in the C in Cf pool. The decrease in Cf pool and 
consequent increase in Cs may be an evidence of  the C in the Cf pool increasing in 
stability, and as a result, the model classifying the stabilised C in the Cf as Cs pool C 
which may explain the slight increase in %Cs.  
To show the changes in C over-time and to determine whether the clay addition to 
biosolids increased or decreased the stability %Cf and %Cs were calculated to compare 
samples and account for any dilution due to clay (Figure 5.6 and Table 5.6). In most 
instances, %Cf decreased with increased concentration of most clay types. The 
decrease of %Cf in the treated samples compared to control may indicate increased 
stability in the C in the fast pool. Inversely the data also showed that the %Cs in most 
cases increased with an increase in clay levels with all clay types. The inverse 
relationship between the %Cf and %Cs showed that there were some signs of 
stabilisation of C as a result of a reduction of C in the fast pools (%Cf) and increase in 
the slow pools (%Cs). There was a small difference between the clay type used (i.e. KA, 
BE and CDP) but no a single clay type had a more significant effect on the C pools. 
There was also an observable increase in %Tloss in SD biosolids and it was found that  
9 % of the total C would be theoretically lost due to respiration in the pure SD biosolids 
compared to the 12 % to 15 % of the total C was lost in the SD mixed with clay samples. 
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The %Tloss showed that there was a slight increase in the C that would be theoretically 
lost from respiration and this means clay addition increases the loss of C from the 
biosolids. The 3 clay types had the same effect on respiration, and there were no 
significant difference between the types of clay on the respiration results.  
There was also an observably higher kf of 0.043 days-1 in the SD (control sample) 
compared to the clay treated sample with 0.043 - 0.07 days-1. There was also an 
observably lower ks from 0.003 days-1 in SD to 0.002 - 0.001 days-1 except for SD-K50 
and SD-BE30 which had a first order rate constant of 0.003 days-1. The rate constants 
were important coefficients to consider when examining the decomposition of 
biosolids and the rate constants were also used to calculate the half-life. The half-life 
of the fast pool (t1/2(f)) equal to 16 days in SD biosolids and ranged from 10 - 15 days in 
the SD mixed with clay samples. The t1/2(f) results revealed that the addition of clay 
increases the mineralisation of the fast pool. The reason for this increase in half-life in 
the SD mixed with clay samples may be due to the increase in the surface area allowing 
more microorganisms to grow resulting faster mineralisation of the labile C fractions. 
Some studies have reported that an increase in surface area from clay can increase 
microorganisms’ activity (Filip, 1973). Similarly, the t1/2(s) result for SD biosolids 
showed a lower t1/2(s) of 231 days compared to a higher t1/2(s) of 347 - 693 days in SD 
mixed with clay samples, except for SD-KA50% and SD-BE30% that had a t1/2(s) of 231 
days which equal to the control. Based on the respiration model data, the addition of 
clay to SD biosolids increased the respiration and C loss. The addition of clay to SD 
biosolids also increased the mineralisation rate based on the respiration data and half-
life of the fast pool. The opposite result was found for the slow pool where the 
mineralisation rate decreased, and the half-life increased. The increased half-life of the 
slow pool was a result of increased C stability. The difference in the model results 
between the SD biosolids and SD mixed with clay biosolids may mean the clay has a 
minor effect on the mineralisation which cannot be observed in the relatively short 
incubation period of 330 days. These results highlighted that there was a greater loss 
of total C pool with the addition of clay and also showed that there might be a greater 
stability in the slow and passive pools by the addition of clay.   
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Figure 5.5: Mineralisation pools as percentage C for SD and SD treated with KA, BE and CDP. 
 
Figure 5.6: Mineralisation pools as a percentage of total C mineralisation (Ct) for SD and SD treated with KA, BE and CDP. 
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Table 5.6: Summary table of the results from the double-exponential model fit for each of the biosolids samples (SD and 
SD mixed with clay). 
Name  C(t0) (%C) Ct (%C) Cf (%C) kf (Days -1)* Cs(%C) ks (Days -1)* %Cf (%) t1/2(f) %Cs (%) t1/2(s) %CT (%) %Tloss R2  RMSE** 
SD  34 3.2 1.1 0.043 2 0.003 34 16 62 231 96 9 0.998 0.032 
SD-KA10% 26.8 3.2 1.3 0.07 2 0.002 41 10 63 347 104 12 0.998 0.246 
SD-KA20% 24.9 2.9 1 0.07 2 0.002 35 10 68 347 103 12 0.998 0.022 
SD-KA30% 20.2 3 0.9 0.07 2 0.001 31 10 67 693 98 15 0.998 0.014 
SD-KA40% 16.3 2.4 0.7 0.07 1.7 0.002 30 10 70 347 99 15 0.998 0.01 
SD-KA50% 13 1.6 0.6 0.07 0.9 0.003 36 10 60 231 95 12 0.997 0.008 
SD-BE10% 27.1 3.2 1.3 0.07 2 0.002 41 10 63 347 103 12 0.998 0.024 
SD-BE20% 24.1 2.9 1 0.067 2 0.002 35 10 69 347 104 12 0.999 0.013 
SD-BE30% 19.1 2.1 1 0.07 1.2 0.003 49 10 59 231 108 11 0.998 0.017 
SD-BE40% 16.5 2 0.8 0.068 1.3 0.002 38 10 68 347 106 12 0.999 0.007 
SD-BE50% 16.4 2.4 0.6 0.055 1.8 0.001 24 13 74 693 98 15 0.996 0.014 
SD-CDP10% 27.7 3.2 1.2 0.06 2 0.002 39 12 63 347 102 12 0.999 0.021 
SD-CDP20% 26.5 3.1 1.2 0.062 2 0.002 38 11 65 347 103 12 0.999 0.018 
SD-CDP30% 21.8 3 1 0.05 2 0.001 33 14 67 693 100 14 0.998 0.018 
SD-CDP40% 19 2.7 0.8 0.058 2 0.001 28 12 74 693 102 14 0.999 0.01 
SD-CDP50% 15.7 2.3 0.7 0.046 1.7 0.001 30 15 74 693 104 15 0.998 0.007 
*significantly non-zero gradient  
** Root mean square error (RMSE) 
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Pelletised biosolids and pelletised biosolids treated with clay  
The Pell biosolids and Pell biosolids mixed with clay KA, BE and CDP showed a 
reduction in Ct and Cf with an increase in clay concentration (Figure 5.7 & Table 5.7) 
which  was similar to the SD biosolids findings. The decrease in the Cf and 
consequently no change in Cs may be an evidence of Cf increasing OC stability and thus 
the model classifying the stabilised C in the Cs pool, which explains the slight increase 
in Cs similar to the result observed in the SD biosolids mixed with clay.   
Also similar to the SD biosolids there was an observable reduction in the %Cf and 
observable increase in %Cs in the Pell biosolids mixed with clay compared to the 
control (Pell biosolids) except for Pell-CDP40%. This inverse relationship between the 
%Cf and %Cs observed in both biosolids may be due to the clay stabilising C in the %Cf. 
Results also showed that the model reclassifying the more stable OC in Cf as the Cs pool 
and thus increasing %Cs. Also, Pell mixed with KA and BE was shown to have more of 
an effect on %Cf, and %Cs compared to Pell mixed with CDP. The greater effect of KA 
and BE clay compared to the CDP clay may be due to the lower pH and higher CEC of 
the KA and BE clay compared to CDP clay. The lower pH and higher CEC may result  
a greater positive charge on the surface of the clay where the negatively charged 
functional groups on the OM can bind together, resulting in greater C stability 
(Thangarajan et al., 2013).  
The clay was found to increase %Tloss which means that there was an increase in C loss 
from the addition of clay (Table 5.7). This increase in %Tloss may be a result of an 
increase in surface area from the addition of clay, increasing microorganism growth 
and therefore resulting greater respiration. Also, the t1/2(f) values of Pell clay mixture 
stayed the same or reduced compared to Pell with no clay. The contrasting result was 
observed for t1/2(s) which had an increase in Pell mixed with clay compared to the Pell 
not mixed with clay samples. Pell mixed with 40 % and 50 % KA clay had the greatest 
t1/2(s) of 693 days. The changes in half-life in the biosolids mixed with clay compared 
to the pure biosolids may mean the addition of clay is increasing the stability of that 
the passive pools.    
Based on the double exponential model result, when biosolids are land applied the 
integration of pure biosolids with clay in soil will increase respiration short-term but 
in the long-term it increases the C in the slow and passive soil C pools. The increases 
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of C in the slow and passive pools in soil was also the reason of Type 4 high-clay 
biosolids in previous work (in chapter 5) has the lowest C loss because of the 3 year 
stockpiling period and the addition of clay which increased the loss of labile C. This 
loss led to the more stable pools of C residue remaining in the biosolids. The clay 
resulted in a greater percentage of C in the slow pool plus the mineralisation of the fast 
pool during the 3 year period. The remaining C in the biosolids, after these two 
processes are the stable C residue and C that formed with the clay and silt into stable 
primary organo-mineral complexes and aggregates (Gerzabek et al., 2001, Six et al., 
2002, Slattery and Surapaneni, 2002). The formation of these organo-mineral 
complexes and aggregates physically protects the organic C from mineralisation (Starr 
et al., 2001).  
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Figure 5.7: Mineralisation pools as percentage C for SD and SD treated with KA, BE and CDP.   
 
Figure 5.8: Mineralisation pools as a percentage of total C mineralisation (Ct) for SD and SD treated with KA, BE and CDP.   
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Table 5.7: Summary table of the results from the double-exponential model fit for each of the biosolids samples (Pell and 
Pell mixed with clay). 
Name 
C(t0) 
(%C) 
Ct (%C) Cf (%C) kf (Days -1)* Cs(%C) ks (Days -1)* %Cf (%) t1/2(f) %Cs (%) t1/2(s) %CT (%) %Tloss R2  RMSE** 
Pell 35 4.3 2.7 0.034 1.9 0.006 63 20 44 116 107 12 0.9993 0.054 
Pell-KA10% 30.9 4.2 2.4 0.035 2 0.004 57 20 48 173 104 14 0.9995 0.028 
Pell-KA20% 26.8 4.3 2.5 0.034 2 0.002 59 20 46 347 105 16 0.9994 0.073 
Pell-KA30% 24.2 3.5 2.1 0.031 1.6 0.003 58 22 45 231 104 14 0.9995 0.016 
Pell-KA40% 20.4 3.7 1.8 0.042 2 0.001 49 17 55 693 104 18 0.9992 0.015 
Pell-KA50% 17.9 3.3 1.6 0.041 1.8 0.001 48 17 56 693 104 18 0.9992 0.012 
Pell-BE10% 29.9 4.4 2.5 0.029 2 0.002 57 24 45 347 102 12 0.9995 0.025 
Pell-BE20% 26.4 3.9 2.1 0.032 2 0.002 53 22 51 347 104 15 0.9997 0.011 
Pell-BE30% 23.3 3.5 1.7 0.036 2 0.003 49 19 56 231 105 15 0.9997 0.0094 
Pell-BE40% 19.6 2.8 1.3 0.044 1.7 0.004 47 16 60 173 107 15 0.9992 0.0094 
Pell-BE50% 16.7 2.7 1.3 0.05 1.5 0.003 49 14 56 231 105 14 0.9991 0.014 
Pell-CDP10% 31.7 4 2.4 0.04 1.9 0.005 60 17 46 139 106 16 0.9996 0.022 
Pell-CDP20% 29.4 3.8 2.2 0.036 1.8 0.003 60 19 48 231 107 12 0.9993 0.031 
Pell-CDP30% 24.6 3.3 2 0.034 1.5 0.003 61 20 45 231 107 13 0.9995 0.015 
Pell-CDP40% 20 2.6 1.8 0.032 1 0.005 68 22 39 139 107 13 0.9997 0.0084 
Pell-CDP50% 21.7 2.2 1.2 0.035 1 0.006 55 20 47 116 102 13 0.9991 0.018 
*Significantly non-zero gradient  
** Root mean square error (RMSE) 
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5.4.4 Mineralisation data  
Solar dried biosolids 
The previous section described the respiration of biosolids and biosolids mixed with 
clay over time. This section focuses on the change in C in the biosolids and biosolids 
mixtures over time. Figure 5.9 shows the mineralisation of SD biosolids and SD 
biosolids clay mixtures with time. For all three clay types, the total C levels were 
increased with a decrease in clay levels, but the reduction in total C was due to the clay 
addition diluting the C in biosolids. Therefore, in Figure 5.9 there was a steady 
reduction in total C with an increase in clay percentage and this result was consistent 
with the 3 clay types used for this experiment. The result of %C loss was displayed in 
Figure 5.10, and there was a considerable variability of the trend in data with time. The 
reason for the variability in the data was that the %C loss calculation exaggerates the 
minimal differences in the C loss from the mineralisation study. %C loss reduced in 
biosolids samples that were blended with clay compared to pure SD biosolids except 
for SD mixed with CDP clay where there was no reduction observed.  
The higher loss of C in pure SD biosolids compared to the SD biosolids mixed with KA 
and BE can be explained by two factors. The first is that the stabilised C of the biosolids 
led to minor loss in % C when the SD mixed with KA and BE compared to control 
sample (SD). The second possibility is that the SD biosolids have a higher C compared 
to SD mixed with clay but has lost the same percentage of the total C. However, if SD 
biosolids and SD mixed with clay loses the same percentage of its total C then the 
observable reduction in %C loss was due to dilution and not due to the increased C 
stability.  
To further examine whether the difference in the mineralisation results was due to C 
stability or as a result of the dilution of C by clay, the % lossm was calculated, see Figure 
5.11.  If the % lossm results are similar for both SD biosolids and SD biosolids mixed 
with clay, then clay did not have an effect, and therefore, any noticeable difference was 
due to the dilution because of the same percentage of the total C lost. Inversely, if % 
lossm was different between the SD and SD mixed with clay that means clay had an 
effect. Furthermore, if %C loss was lower in the SD mixed with clay compared to pure 
SD this implies that there was an increase in stability due to a reduction in the 
percentage of C lost compared to the total C. The observation of the % lossm result 
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showed that there was no difference between the CDP mixed with SD biosolids when 
compared to pure SD biosolids except for the SD-CDP50%. Furthermore, SD biosolids 
mixed with KA and BE (except SD-BE50%) after 250 days of incubation was observed 
to have lower % lossm compared to pure SD sample. Thus, KA and BE may stabilise C 
given more time to integrate with the clay but based on the current results in this 
section it cannot be concluded that biosolids mixed with clay results in significantly 
more stable C. 
The % lossm in the mineralisation study was higher and varied from ~ 5 – 40 % 
compared to the ~ 8 % in respiration study (% lossr). The reason of the discrepancy 
between the % loss estimates for the two studies are mainly differences in the method. 
For the respiration study, the % loss was calculated based on the C lost as CO2 and it 
was a passive sampling technique, so there was not a 100 % efficiency in capturing the 
CO2 from the trap. Furthermore, for the mineralisation study, the percentage loss was 
measured by the difference between the initial C concentrations at a given time. Also, 
the C concentration was measured using IR and can deviate by 1 – 2 % C, which 
explains the highly variable results with samples that have low C concentration.     
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Figure 5.9:  Total C versus time in days for SD biosolids mixed with (a) KA, (b) BE and (c) CDP. 
 
Figure 5.10: %C loss versus time in days for SD biosolids mixed with (a) KA, (b) BE and (c) CDP. 
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Figure 5.11: % lossm versus time days for SD biosolids mixed with (a) KA, (b) BE and (c)CDP. 
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Pelletised biosolids  
Pell biosolids mixed with clay also showed similar results to SD biosolids mixed with 
clay. The total C levels of SD biosolids and Pell biosolids were increased with the 
decreased clay levels for all three clays types used in this study (Figure 5.12). The result 
of the %C loss showed that both biosolids mixed with KA and BE had a lower C loss 
compared to pure Pell biosolids (Figure 5.13). Furthermore, CDP mixed with Pell 
biosolids showed no difference when compared to a control sample (pure Pell 
biosolids). The reason for there being no difference in the result is due to the CDP clay 
which increased the C loss from biosolids. If CDP clay stabilised biosolids C and had 
no effect on biosolids C then there should be a reduction due to clay diluting the C in 
biosolids. 
The difference between control (Pell) and clay mixed biosolids is a result of C being 
stabilised with clay but not due to the difference in C concentration due to dilution of 
C by clay. The results showed for KA mixed with Pell biosolids, showed that there was 
no clear reduction in % lossm in all mixed samples except for Pell-KA50% (Figure 5.13). 
The Pell-KA50% was slightly reduced but not significantly when compared to the 
control sample. The BE mixed with Pell biosolids had a slightly lower % lossm 
respiration than pure Pell except for Pell-BE50% which had an increase in % lossm. 
This was also observed in SD-BE50%. The increase in BE 50% clay may be due to the 
increased surface area giving a greater area for microbes to grow and break down C. A 
similar result was observed in Pell-CDP50% biosolids. All other Pell biosolids mixed 
with CDP clay (except Pell-CDP50%) had a similar result compared to pure Pell 
biosolids. Furthermore, it is likely that clay like KA and BE may affect C stability but 
overall SD biosolids and Pell biosolids mixed with clay did not show a significant 
increase in C stability. There was some evidence that BE, and to a lesser extent KA may 
stabilize C given sufficient time (> 1 yr) to integrate the C and clay. Overall, clays do 
not seem to have a major effect on C mineralisation based on a short-term 330-day 
incubation experiment. 
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Figure 5.12: Total C versus time in days for Pell biosolids mixed with (a) KA, (b) BE and (c) CDP. 
 
Figure 5.13: %C Loss versus time in days for Pell biosolids mixed with (a) KA, (b) BE and (c) CDP. 
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Figure 5.14: % lossm versus time in days for Pell biosolids mixed with (a) KA, (b) BE and (c) CDP. 
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5.5  Conclusion  
The study found that clay does not play a major role in biosolids C mineralisation and 
respiration but has shown to have a subtle effect on C respiration and mineralisation 
pools. Based on the result of this study there was no statistically significant evidence 
that clay mixed with biosolids has lowered respiration and mineralisation significantly 
compared to pure biosolids. Any observed differences were most likely due to dilution 
with clay. On the contrary, in some cases, there was an increase in the percentage of C 
lost originating from the biosolids present in the clay-biosolids mixtures. The 
respiration data showed no differences in the clay concentration or clay type, while the 
mineralisation data showed subtle differences. In some instances, KA and BE have 
shown to reduce mineralisation slightly but not significantly enough to conclude that 
they were affected due to the variability of the data.  In conclusion, this study did not 
confirm the hypothesis that there was a clear and significant reduction in respiration 
and mineralisation in biosolids products that contains clay mineral; the major 
differences in respiration and mineralisation results were due to dilution of the 
biosolids C with the clay. However, the study confirmed the second hypothesis based 
on the observation that that there were subtle differences in respiration and 
mineralisation between clay types present in the biosolids although this would require 
further investigation to confirm this was a real effect and not an artefact of the 
experiments. 
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Chapter 6: The Effect of Zn, Cu 
and Cd on Organic C 
Mineralisation of Biosolids 
Products 
6.1 Preamble 
The survey of biosolids products presented earlier showed that the levels of metals 
varied widely across biosolids types. Furthermore, it has been suggested in a previous 
work that the metals in biosolids products could affect the mineralisation of biosolids 
organic C in the soil environment (Sauvé, 2006). This chapter describes an 
investigation into the effect of three metals (Cu, Zn and Cd) on the mineralisation of 
biosolids’ C in each of the biosolids product types. 
6.2 Introduction 
The biosolids characterisation study presented in chapter 2 revealed that the levels of 
Cu, Zn and Olsen P greatly varied among all the 17 biosolids samples studied. Cu and 
Zn along with other heavy metals are toxic and may inhibit soil organic matter (SOM) 
decomposition. McGrath et al. (1995) studied the toxic effects of Cu, Zn, and Cd in soils 
and found that these metals were toxic to the soil microorganisms (leguminosarum bv. 
Trifolii) at levels of 130 - 200 mg/kg, 27 - 48 mg/kg and 0.8 - 1 mg/kg for Cu, Zn and 
Cd, respectively. Cd, unlike Cu and Zn, is toxic at relatively low soil concentrations. Cd 
is one of the most toxic trace metals found in sewage sludge (Parat et al., 2005) and as 
such can cause problems when the biosolids products are applied to land. However, in 
some cases, Cd, Cu and Zn toxicity to microorganisms can be lower than the receiving 
soil concentration limit (RSCL) set by the Victorian EPA (Vic EPA, 2004). 
In contrast, Knight et al. (1997) found Cd, ranging from 3.7 - 4.3 mg/kg in the soil, 
increased soil biomass which was attributed to the indirect release of essential 
nutrients. The increase in biomass at such high levels of Cd may indicates that the 
biosolids C mineralisation could potentially be affected by increased populations of 
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soil micro-organisms when applied to land since fungi and other microorganisms are 
responsible for the decomposition of SOM. The toxicity from these heavy metals can 
inhibit microorganism activity and slow down the decomposition of OM. This 
inhibition of OM decomposition may have a preservative effect on biosolids C and soil 
C and lead to enhanced C sequestration. This suggestion was consistent with 
Iakimenko et al. (1996) in which they demonstrated in a short-term incubation 
experiment that high concentrations of Cd in biosolids might inhibit decomposition of 
SOM. Likewise Sauvé (2006), in a 70-year-old field study on a contaminated Cu site, 
found Cu inhibited SOM degradation. The same field study showed that Cu levels of 
154, 193, and 285 mg Cu/kg dry soil inhibited SOM decomposition by 10 %, 20 %, and 
50 %, respectively. Similarly, a field experiment by Chander and Brookes (1991) on a 
sandy-loam and silty-loam soil found Cu and Zn decreased soil microbial biomass and 
increased the accumulation of SOM. Knight et al. (1997) also found that Cu and Zn 
reduced microbial biomass but observed that the toxic effect was highly dependent on 
pH. 
Apart from toxicity, the other process that can stabilise and reduce decomposition of 
SOC/SOM is complexation. It has been well established that metals form complexes 
with SOM. A review by Mortensen (1963) on SOM and metal complexation found that 
metals such as Cu and Zn can form organic-metal complexes in soils. These metal 
complexes are formed by ion exchange, surface absorption, and chelation-reaction 
mechanisms. Furthermore, Bolan et al. (2003) found that the Cd like Cu and Zn form 
complexes with organic matter in biosolids compost.  
Most of the relevant literature was found to be based on soil, and therefore, it is unclear 
if this stabilisation mechanisms will affect biosolids OC even before land application. 
It was shown earlier in chapter 2 that the some biosolids products are soil-like 
materials, but it is unclear if heavy metals will have the same effect on biosolids OC as 
in soil. Understanding the effect of heavy metals on biosolids decomposition is 
essential for C accounting purposes because biosolids with high metal levels compared 
to biosolids with low levels may have greater sequestration potential. The objective of 
this chapter is to investigate the effect of the three metals Cu, Zn and Cd on biosolids 
C mineralisation. Furthermore, two types of biosolids with contrasting pH were 
chosen to test if differences in the pH affected respiration and mineralisation.          
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6.3 Hypothesis 
In this chapter, the following hypotheses will be tested. 
• Cu, Zn and Cd present in the two biosolids will reduce mineralisation and 
respiration of organic C. 
• Reduction in mineralisation and respiration due to Cu, Zn and Cd will be 
different for the two biosolids. 
• The effect of Cu, Zn and Cd on mineralisation and respiration will vary 
between metals. 
6.4 Objective 
The objective of this study was to examine the effect of increasing Cd, Cu and Zn levels 
on the mineralisation of organic C in pure biosolids (Type 2) and non-pure biosolids 
(high-clay Type 4) with the specific objectives to: 
• Examine the effect of Cu, Zn and Cd on the C mineralisation and 
respiration of biosolids. 
• Determine how the contrasting biosolids characteristics and three metals 
affect the C mineralisation and respiration. 
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6.5 Methodology   
6.5.1 Sample preparation and spiking of biosolids samples  
Two types of biosolids were chosen for this study; Type 2 pure biosolids from the solar 
dried biosolids (SEW Boneo treatment plant) and Type 4 non-pure biosolids with 
high-clay from SEW Pakenham treatment plant (P2012A1). These two samples were 
dried and sieved to < 2 mm.  The < 2 mm fraction of each biosolids product was 
weighed into 27 pots (2 biosolids × 27 pots = 54 pots). Each of these pots was spiked 
with a known amount of Cd, Cu and Zn using standards according to Table 6.1 and the 
factorial design in Table 6.2 shows the coded levels (level). The samples were 
incubated at 20 ͦ C for 7 days to allow the metal salts to absorb into the biosolids. The 
metal concentration of the 2 biosolids after being spiked for all 27 runs was shown in 
section 6.5.8.1 below. 
Table 6.1: Biosolids expected metal levels of biosolids.  
Biosolids products Heavy metal 
(Salt Used) 
Levels Concentration 
Type 2 pure biosolids 
(SD) and Type 4 non-
pure high-clay 
biosolids (P2009A1) 
Cd 
(Cd(NO3)2) 
Level 1 Background 
Level 2 2×10mg/kg=20mg/kg 
Level 3 4×10mg/kg=40mg/kg 
Cu 
(Cu(NO3)2) 
Level 1 Background 
Level 2 2×2000mg/kg=4000mg/kg 
Level 3 4×2000mg/kg=8000mg/kg 
Zn 
(Zn(NO₃)₂) 
Level 1 Background 
Level 2 2×2500mg/kg=5000mg/kg 
Level 3 4× 2500mg/kg=10000mg/kg 
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Table 6.2 Full factorial design used in this study. 
Run no. Cd (level) 
Cu 
(level) 
Zn 
(level) 
Replicated sample 
1 1 1 1 2 
2 1 1 2 2 
3 1 1 3 2 
4 1 2 1 2 
5 1 2 2 2 
6 1 2 3 2 
7 1 3 1 2 
8 1 3 2 2 
9 1 3 3 2 
10 2 1 1 2 
11 2 1 2 2 
12 2 1 3 2 
13 2 2 1 2 
14 2 2 2 2 
15 2 2 3 2 
16 2 3 1 2 
17 2 3 2 2 
18 2 3 3 2 
19 3 1 1 2 
20 3 1 2 2 
21 3 1 3 2 
22 3 2 1 2 
23 3 2 2 2 
24 3 2 3 2 
25 3 3 1 2 
26 3 3 2 2 
27 3 3 3 2 
Total 54 
 
6.5.2 Respiration studies on biosolids/metals mixtures 
The respiration study was carried out using the same method described in chapter 4.  
6.5.3 Mineralisation studies on biosolids/metals mixtures 
After the 7 days, the sample was dried, milled and a known amount of sample (~ 300 
g) was placed in a glass jar for incubation. The samples were adjusted to 50 % water 
holding capacity and incubated in a dark cabinet at 20 ◦C for ~ 190 days. ~ 10g samples 
were collected every 30 days, dried, then ground and measured for Total C. 
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6.5.4 pHw & CaCl2 and EC1:5 
The pHw & CaCl2 and EC1:5 were carried out according to the procedure in chapter 2 
(section 2.5.2.1.1). 
6.5.5 Inductively coupled plasma- mass spectroscopy (ICP-MS) 
Cd, Cu and Zn were analysed using the same procedure as in chapter 2. Cd, Cu and Zn 
were analysed using a modified method 17B1 of Rayment and Lyons (2010). 0.5 g of 
the sample was digested in 5 mL reverse aqua regia (3:1 nitric acid: hydrochloric acid) 
according to the method. The digest was then transferred to a 50 ml centrifuge tube 
and made up to volume. Then it was diluted accordingly and analysed using ICP-MS. 
6.5.6 Total C using MID-IR 
The Total C was determined by the method developed in chapter 3. Total C was 
estimated using MID-IR spectroscopy and self-adaptive PLS modelling technique 
using The Unscramble software. PLS creates a model using a training set using MID-
IR and PLS to create a model. Then the PLS model is validated by predicting total C 
using MID-IR spectra of a validation set and test set. This was then compared to the 
predictive set and test set predictive values and then later compared to actual 
measured to determine the accuracy of the prediction. Once the model was deemed to 
predict Total C with satisfactory accuracy, the model was then used to predict 
unknown total C values (see chapter 3 for more details). 
6.5.7 Analysis of data 
Incubation experiment model and calculation 
The cumulative respiration calculation, model fit, and the extrapolation and 
evaluation of the model data were carried out in the same way as in chapter 4 (section 
4.5.3). 
Mineralisation experiment calculation 
The evaluation and exploration of the mineralisation, data were carried out in the same 
way as in chapter 4 (section 4.5.3). 
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6.5.8 Statistical analysis 
Two types of statistical analysis were carried out; the data were subjected to correlation 
analysis (Excel 2010) and ANOVA followed by Partial Least Square (PLS) using the 
Minitab 17 statistical software package. 
6.5.8.1  Analysis of biosolids/metals respiration and mineralisation 
datasets 
Explanation of Factorial analysis, main effect plot and interaction plot  
For this study, three metals of interest were selected, and 3 levels of each were chosen 
(Table 6.1 & Table 6.2), for the full factorial design that equates to a total 27 incubation 
samples or runs (Table A.6). Furthermore, the same design was implemented for two 
biosolids (SD and P2012A1) due to the contrasting properties in total C, clay and pH 
of these biosolids (total samples = 54). To get the desired metal levels, the biosolids 
were spiked and the concentrations of Cu, Zn and Cd in the biosolids were measured. 
The results are displayed in Table A.6; along with the metal levels and run number. 
The metal levels in Table A.6 were used as the explanatory variable (i.e. Cd, Cu and Zn 
levels) to determine if the presence of metal affected the response variable (e.g. 
cumulative respiration (CR)). The link between the explanatory variable (i.e. Cd, Cu 
and Zn levels) and the response variable (e.g. CR) was carried out using factorial 
analysis and main effect statistical analysis. The results for the factorial analysis and 
main effect analysis are shown in the following sections. 
The advantage of using factorial design to investigate the effect of two or more metals 
on biosolids respiration and mineralisation was biosolids already contain numerous 
metals as an intrinsic part of the biosolids and the factorial design allows researchers 
to test for the effects of combination of these metals at varying levels depending on the 
predetermined permutation on a single response variable (e.g. CR). Plus, it has the 
added advantage of testing for interaction effects of two or more of these metals on the 
same response variable. The only disadvantage of using a factorial design was as the 
number of explanatory variables (i.e. metals) increases the number of samples or runs 
for a full factorial design increased exponentially. However, for this study, only 3 
metals were selected as metals of interest due to limitations of the project scope.  
This factorial analysis examines the effect of explanatory variables Cd, Cu and Zn 
(levels in Table A.6) on the response variable, in this case, CR at 192 days. The best 
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way to interpret the results of the factorial analysis is to examine the main effects plots, 
which graphically shows if there are differences in the CR at different metal levels. The 
data were analysed using Minitab software, and the main effect plots were constructed 
(Figure 6.1). The main effect plot (in Figure 6.1) has on the x-axis the metal levels and 
the dots in the plot are the mean values of CR at each level or the fitted mean of CR. 
The line connecting the dots shows the trend. The horizontal line in the middle of the 
plot is the overall mean of all the levels. Figure 6.1 is an example of how main effect 
plots can show the effects of metals and shows a clear difference in Cd, Cu and Zn. 
There was no change in CR with increased Cd levels, shown by the flat line, and there 
was a clear decrease in respiration with increasing Cu and Zn levels. Also, significant 
interaction effect was found in some cases. To show the interaction effects, an 
interaction plot and a contour plot were constructed using the Minitab software 
(Figure 6.2). The interaction plot showed the combined effect of two explanatory 
variables, in this case, Cu and Zn, on the response variable which was CR at 192 days. 
The contour plot showed the same result as the interaction plot but in more visual way. 
The results showed as Cu and Zn levels increase in the biosolids the combined effect 
of the two metals reduced the toxicity.  
 
Figure 6.1: Example of the main effects plot of Cd, Cu and Zn on respiration for 
P2012A1 biosolids.  
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Figure 6.2: Example of (a) Interaction plot showing the effect of Cu and Zn 
combined effect on CR (% C) at 192 days for P2012A1 biosolids and (b) 
Contour pot showing the combined effect of Cu and Zn levels on CR (% C) at 
192 days for P2012A1 biosolids. 
PLS Analysis of respiration data 
PLS analysis was used to predict the explanatory variable (Cd, Cu and Zn) using the 
responses variable (e.g. CR and total C).  
6.6 Results and discussion   
6.6.1 Pre-incubation biosolids samples  
6.6.1.1 Non-spiked biosolids 
Basic parameters for biosolids samples 
The two biosolids samples chosen for the experiment had contrasting pH values (Table 
6.3). SD biosolids had a pHw of 6.12 and pHcacl2 of 5.99 which is slightly acidic and 
optimal pH for agricultural systems. The P2012A1 biosolids had a pHw of 4.82 and 
pHcacl2 of 4.83, which is acidic. The low pH in the P2012A1 has the potential to increase 
the toxicity of the metals and lower respiration and decomposition compared to SD 
biosolids. The EC was different in the two biosolids. The SD biosolids had an EC of 
4.29 dS/m, and the P2012A1 had an EC of 1.80 dS/m. The SD biosolids were therefore 
extremely saline, and P2012A1 would be saline. The salinity could also affect 
mineralisation, affecting the osmotic pressure of soil microorganisms which may lower 
mineralisation (Yan et al., 2015). 
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Table 6.3: Basic parameters pH,  pHcacl2 and EC for two untreated biosolids SD 
and P2012A1. 
Samples pHw Error pHcacl2 Error 
EC 
(dS/m) Error 
SD 6.12 0.01 5.99 0.01 4.3 0.2 
P2012A1 4.82 0.01 4.83 0.01 1.80 0.04 
Exchange properties 
There were contrasting exchange properties between the SD and P2012A1 biosolids 
(Table 6.4).  The CEC of 43 cmol (+)/kg in the SD biosolids was greater than the 16 
cmol (+)/kg determined for the P2012A1 product. The CEC gives an estimate of the 
negatively charged sites that can bind cations on the mineral and OM components. 
The SD Type 2 biosolids generally had higher OM and consequently more negative 
charges for cations to bind to the organic matter compared to the Type 4 high-clay 
biosolids that had less negative charged sites. CEC results of the two biosolids showed 
that there were more negative exchangeable sites in SD biosolids for metals and 
cations to bind, compared to P2012Al biosolids. 
Table 6.4: Exchangeable properties of two biosolids used SD and P2012A1. 
Exchangeable properties SD P2012A1 Units 
CEC 43 16 cmol(+)/kg 
Exchangeable Ca 16 13 cmol(+)/kg 
Exchangeable K 3 0.63 cmol(+)/kg 
Exchangeable Mg 11 5.8 cmol(+)/kg 
Exchangeable Na 2.7 0.55 cmol(+)/kg 
ESP 6.4 3.4 % 
 
Elemental analysis for SD and P2012A1 biosolids 
The most critical elements to consider for this study were C, Cd, Cu, N and Zn. Cd, Cu 
and Zn were already present at significant levels in biosolids. SD biosolids had greater 
Cd, Cu and Zn levels compared to P2012A1 Cd, Cu and Zn levels (Table 6.5). The higher 
background levels of metals in SD biosolids could result in less of a difference in 
decomposition of SD biosolids compared to P2012A1 biosolids. Metals already present 
in the biosolids has an effect on biosolids C stability. Thus, the addition of extra Cd, Cu 
and Zn to SD biosolids may only increase biosolids C stability minutely.   
C and N were the most contrasting elements and one of the reasons for these two 
biosolids where chosen. The SD biosolids have 33 % C compared to the 5 % C in 
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P2012A1 biosolids. There was 5 % N in the SD biosolids compared to 0.65 % N in 
P2012A1. Another critical parameter was the C:N ratio. The C:N ratio was higher in 
the P2012A1 biosolids (8.4) compared to the SD biosolids (6.7). SD biosolids with a 
lower C:N ratio should have a faster decomposition rate compared to P2012A1 
biosolids. More N in SD biosolids used by the microorganism to break down C.  
Table 6.5: Elemental results for two biosolids SD and P2012A1. 
Elements SD P2012A1 Units 
As <5 <5 mg/kg 
C 33.31 5.43 % 
Ca 19000 4300 mg/kg 
Cd 1.3 0.4 mg/kg 
Cr 16 28 mg/kg 
Cu 350 110 mg/kg 
Hg 0.64 0.26 mg/kg 
K 1800 860 mg/kg 
Mg 4000 1900 mg/kg 
Mo <5 <5 mg/kg 
N 5 0.65 % 
Na 920 640 mg/kg 
Pb 17 23 mg/kg 
Se 4 <3 mg/kg 
Zn 680 200 mg/kg 
 
6.6.1.2 Spiked biosolids 
pH and EC for spiked samples 
The pH and EC were measured in the biosolids samples after being spiked with metal 
salts, (Table 6.6 & Table 6.7). The results showed that there were minor differences in 
pHw and pHcacl2 between the 27 SD biosolids samples and 27 P2012A1 biosolids 
samples. It was also found that there were significant differences in pHw and pHcacl2 
between SD biosolids and P2012A1 biosolids. Furthermore, the pH of both biosolids 
didn’t change significantly after being spiked with metals salts.  The SD biosolids had 
a neutral pH, and P2012A1 biosolids had an acidic pH. These differences in pH were 
found to be one of the reasons of contrasting results between the SD and P2012A1 
spiked biosolids in the respiration and mineralisation study.  
The EC1:5 for the two biosolids were found to increase slightly when spiked with metal 
salts. Such increase was expected due to the salts increasing the electrical conductivity. 
A considerable increase in EC1:5 were observed in the P2012A1 biosolids compared to 
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the SD biosolids due to the P2012A1 having the lowest initial EC1:5. The EC1:5 in most 
biosolids are naturally high > 1 dS/m and as a result of any further increase in EC1:5 by 
the addition of salt may not have an effect on respiration and mineralisation. 
Table 6.6: pH and EC of SD samples spiked with metal salts. 
Run no. pHw Error pHCaCl2 Error EC (dS/m) Error 
1 6.95 0.01 6.86 0.01 6.8 0.2 
2 7.46 0.01 7.31 0.01 6.7 0.2 
3 7.61 0.01 7.48 0.01 6.7 0.2 
4 7.25 0.01 7.01 0.01 6.0 0.2 
5 7.5 0.01 7.33 0.01 6.4 0.2 
6 7.43 0.01 7.25 0.01 5.6 0.2 
7 7.36 0.01 7.2 0.01 6.4 0.2 
8 7.26 0.01 7.07 0.01 5.6 0.2 
9 6.49 0.01 6.45 0.01 10.4 0.2 
10 7.29 0.01 7.12 0.01 7.1 0.2 
11 7.38 0.01 7.18 0.01 6.8 0.2 
12 7.35 0.01 7.14 0.01 6.5 0.2 
13 7.3 0.01 7.09 0.01 6.5 0.2 
14 7.32 0.01 7.17 0.01 6.2 0.2 
15 7.38 0.01 7.21 0.01 6.2 0.2 
16 7.36 0.01 7.14 0.01 6.0 0.2 
17 7.3 0.01 7.07 0.01 7.5 0.2 
18 6.96 0.01 6.77 0.01 9.6 0.2 
19 7.36 0.01 7.12 0.01 6.4 0.2 
20 7.3 0.01 7.14 0.01 5.9 0.2 
21 7.31 0.01 7.15 0.01 6.5 0.2 
22 7.31 0.01 7.04 0.01 7.0 0.2 
23 7.48 0.01 7.31 0.01 6.9 0.2 
24 7.35 0.01 7.16 0.01 8.8 0.2 
25 7.09 0.01 6.94 0.01 6.3 0.2 
26 7.39 0.01 7.16 0.01 6.3 0.2 
27 6.84 0.01 6.7 0.01 9.5 0.2 
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Table 6.7: pH and EC of P2012A1 samples spiked with metal salts. 
Run no. pHw Error pHCaCl2 Error EC (dS/m) Error 
1 5.26 0.01 5.29 0.01 2.29 0.04 
2 4.56 0.01 4.57 0.01 4.80 0.04 
3 4.51 0.01 4.48 0.01 6.76 0.04 
4 4.08 0.01 4.08 0.01 4.08 0.04 
5 4.16 0.01 4.21 0.01 6.45 0.04 
6 4.37 0.01 4.16 0.01 2.99 0.04 
7 3.83 0.01 3.82 0.01 5.88 0.04 
8 4 0.01 4.01 0.01 7.55 0.04 
9 3.85 0.01 3.91 0.01 9.17 0.04 
10 5.17 0.01 5.05 0.01 2.39 0.04 
11 4.63 0.01 4.65 0.01 5.00 0.04 
12 4.47 0.01 4.53 0.01 7.10 0.04 
13 4.04 0.01 4.06 0.01 4.20 0.04 
14 3.97 0.01 3.97 0.01 7.70 0.04 
15 4.3 0.01 4.27 0.01 6.20 0.04 
16 3.93 0.01 3.92 0.01 5.67 0.04 
17 4.02 0.01 4.01 0.01 7.67 0.04 
18 3.98 0.01 4.22 0.01 9.44 0.04 
19 5.33 0.01 5.22 0.01 2.38 0.04 
20 4.63 0.01 4.65 0.01 4.90 0.04 
21 4.3 0.01 4.47 0.01 7.14 0.04 
22 4.05 0.01 4.11 0.01 4.25 0.04 
23 4.01 0.01 4.05 0.01 6.61 0.04 
24 4.06 0.01 4.09 0.01 8.69 0.04 
25 4.02 0.01 4.07 0.01 5.55 0.04 
26 3.84 0.01 3.99 0.01 8.03 0.04 
27 3.79 0.01 4.04 0.01 9.18 0.04 
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6.6.2 Effects of Cd, Cu and Zn on biosolids respiration and 
mineralisation  
To investigate the effects of Cd, Cu and Zn on biosolids C mineralisation and 
respiration a full factorial design experiment was undertaken for two biosolids (SD 
and P2012A1), and the results of this experiment is shown below.  
6.6.2.1 The effect Cd, Cu and Zn on biosolids respiration 
6.6.2.1.1 SD Biosolids 
The CR data varied between each of the runs for the SD biosolids data (Figure 6.3). 
After, 192 days the 3 metals had an observable effect on CR. There was an observable 
reduction in CR for most runs when compared to run no. 1 (where Cd, Cu and Zn levels 
= 1), except for run no. 21 which increased compared to run no.1. 
 
Figure 6.3: CR respirations as percentage C versus time in days for Run 1 to 
27 for SD biosolids. 
The results presented in Figure 6.3 show data from all the runs (total of 27 samples). 
To examine the effect of a single metal runs with increasing levels of one metal, were 
selected and plotted in Figure 6.4. Increased levels of 3 metals reduced respiration due 
to the metal toxicity on microorganisms and the formation of stable complexes with 
OM. 
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Figure 6.4: CR respiration vs time in days for SD spiked with: (a) Cd, (b) Cu 
and (c) Zn.  
Statistical analysis of CR data 
Due to the large number of data points generated in the respiration experiment (Figure 
6.3), factorial analysis and main effect plots (Figure 6.5) were used to analyse and 
compare the information. The results of the observations from the main effect plot are 
summarised in Table 6.8. For example, in Table 6.8 where the column named level 1 
compared to level 2, there was an observable increase in Cd based on the main effect 
plot. This means that the mean CR at 192 days of level 2 was higher than the mean at 
level 1 (Figure 6.5). So, based on main effect observations in Table 6.8 increased Cd 
levels increase CR. 
The increase in CR for SD biosolids with an increase in Cd concentration can be 
explained merely by Cd releasing nutrients in biosolids. This was supported by the 
finding of Knight et al. (1997) reported that the increasing Cd levels can increase 
biomass and thus increase respiration. This result was not in agreement with the 
results presented in Figure 6.4 due to the main effect plot, and factorial analysis, taking 
into account of all 27 runs compared to 3 runs in Figure 6.4. Furthermore, there were 
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some observed interaction effects between Cd and Cu that could not be shown by 
observing only a single metal at a time.  
 
Figure 6.5: Main effect of (a) Cd, (b) Cu and (c) Zn on respiration for SD 
biosolids. 
Table 6.8: Summary table of SD biosolids CR main effect results.   
SD Biosolids 
Explanatory 
Variable  
Responses 
Variable 
Level 1 
compared to 
level 2 
Level 1 
compared to 
level 3 
Level 2 
compared to 
level 3 
Cd 
CR at 192 
days 
increase increase increase 
Cu 
CR at 192 
days 
decrease decrease no change 
Zn 
CR at 192 
days 
decrease no change increase 
 
By contrast, increasing Zn levels in SD biosolids did not have a clear effect on CR at 
192 days (Table 6.8). Zn at level 2 in SD biosolids had a lower CR mean than Zn at level 
1 and level 3. The changes observed in CR fitted mean values with increase Zn levels 
may be due to the neutral pH coupled with high OM lessening the toxicity of Zn 
through absorption and complexation of OM. The same reason may explain why 
respiration increases in SD biosolids with an increase in Cd level. The higher pH in SD 
biosolids increases the absorption of Cd on the clay and OM surfaces, which may result 
in Cd exchanging with nutrient making nutrient more available to microorganisms. Zn 
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at level 2 had a toxic effect on microorganisms but at level 3 the toxic effect diminished. 
This coupled with pH changes caused more adsorption to the surface and subsequent 
release of nutrients which offset the initial toxic effects.  
To verify the factorial analysis and main effect conclusions, PLS was used to analyse 
the response variable CR (for all days) to predict the explanatory variables, i.e. metal 
levels and metal concentration in spiked biosolids. The rationale behind using the PLS 
analysis to verify if the response variable was dependent on one of the explanatory 
variables. The PLS predicted values were compared with the actual values (Figure 6.6 
and Figure 6.7). The results showed that PLS could predict Cd and to a lesser extent 
Cu as explanatory variables but PLS analysis could not predict Zn with any accuracy.  
The PLS results revealed that the Cd and Cu influenced the CR result, while Zn had no 
influence. Therefore, SD biosolids respiration was affected by Cd and Cu (Figure 6.5, 
Figure 6.6 & Figure 6.7). If CR was affected by both Cd and Cu, there might be 
interaction effects. To illustrate the interaction effects a contour plot and interaction 
plot were constructed (Figure 6.8) 
 
Figure 6.6: PLS result of predicted (a) Cd, (b) Cu and (c) Zn levels using CR for 
SD biosolids.   
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Figure 6.7: PLS result of predicted (a) Cd, (b) Cu and (c) Zn concentrations 
(mg/kg) using CR for SD biosolids. 
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Figure 6.8: (a) Interaction pot for Cd and Cu on the effect on CR (%C) at 192 
days and (b) Contour pot for Cd and Cu on the effect on CR (%C) at 192 days. 
6.6.2.1.2 P2012A1 Biosolids 
P2012A1 biosolids showed an evident reduction in CR with increasing metal 
concentration (Figure 6.9). The reduction in CR can be observed by comparing run no. 
1 which has Cu, Zn and Cd at level 1 compared to all the other runs with varying amount 
of each metals ranging from low to high. To observe the effect of a single metal at a 
time, runs which were spiked with one metal were chosen, and the results were plotted 
in Figure 6.10. The Cd only result showed no change in respiration with an increased 
in Cd levels. In contrast, Cu and Zn showed a reduction in CR form level 1 to level 2 
and a subtle difference was observed between level 2 and level 3. 
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Figure 6.9: CR respiration as percentage C versus time in days for P2012A1 
biosolids. 
 
 
Figure 6.10: CR respiration vs time in days for P2012A1 spiked with: (a) Cd, (b) 
Cu and (c) Zn.  
Statistical analysis of P2012A1 Biosolids 
The P2012A1 biosolids data were analysed using a factorial design and compared using 
main effect plots (Figure 6.11). The main effect plot observations are summarised in 
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Table 6.9. Increasing Cd levels had no effect on CR at 192 days. This can be attributed 
to the higher clay content in Pakenham biosolids. Also, it is reported that the Cd 
absorption to clay reduces the toxicity to microorganisms (Uddin, 2017).            
A noticeable decrease in respiration was observed in both biosolids with an increase 
in Cu levels (Figure 6.11). The decreased Cu level means that there was a minor loss of 
C from respiration, resulting in higher amounts of C stored in biosolids with high Cu. 
The reason for the more significant result for P2012A1 biosolids could be due to the 
lower pH, which has been shown to increase Cu toxicity (Knight et al., 1997). This 
inhabits microorganism’s activity and therefore reduces decomposition of OC.   
In P2012A1 biosolids, both Cu and Zn were found to be associated with significant 
decrease in respiration (Table 6.9). Also interesting to note that there was a significant 
interaction (P < 0.05) (Figure 6.8) between Cu and Zn which was best illustrated by 
the contour plot in Figure 6.12. The interaction plot shows that the metals like Cu and 
Zn can have a combined effect on CR. The combined effect on CR by these two metals 
(Zn and Cu) was essential to consider because, based on previous work, these two 
heavy metals are found in relatively high concentrations in biosolids compared to 
other metals. Therefore, Cu and Zn are most likely to interact with OC and reduce 
respiration and consequently increase the C storage capacity of biosolids. 
 
Figure 6.11: Main effects of  Cd, Cu and  Zn on respiration for P2012A1 
biosolids. 
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Table 6.9: Summary table of P2012A1 biosolids CR main effect results.   
P2012A1 Biosolids 
Explanatory 
Variable  
Responses 
Variable 
Level 1 compared 
to level 2 
Level 1 compared 
to level 3 
Level 2 compared 
to level 3 
Cd CR at 192 
days 
no change no change no change 
Cu CR at 192 
days 
decrease decrease decrease 
Zn CR at 192 
days 
decrease decrease decrease 
 
 
Figure 6.12: (a) Interaction plot showing the effect of Cu and Zn levels on CR 
(%C) at 192 days and (b) Contour pot for Cu and Zn on the effect on CR (%C) at 
192 days for P2012A1 biosolids. 
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The PLS result showed that the increasing Cd levels and Cu levels affected the P2012A1 
biosolids respiration (Figure 6.13 & Figure 6.14). The reason that Cd was shown to 
affect the PLS result but not in the factorial analysis result was that PLS analysed the 
CR throughout the incubation experiment, but factorial analysis analysed the data at 
the end of the experiment (192 days). The PLS model used all the CR data from the 
incubation experiment, and Cd was found to have a more significant effect on 
respiration at the start of the experiment, and therefore CR was able to predict Cd 
values. In contrast, when the data at 192 days were used for factorial analysis at the 
end of the incubation experiment Cu and Zn were affected but not Cd. 
  
 
Figure 6.13: PLS result of predicted (a) Cd, (b) Cu and (c) Zn levels using CR 
for P2012A1 biosolids. 
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Figure 6.14: PLS result of predicted (a) Cd, (b) Cu and (c) Zn concentrations 
(mg/kg) using CR for P2012A1 biosolids. 
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to a weak correlation being observed. In comparison, SD biosolids with a neutral pH 
and under the same conditions did not correlate with both pH and EC (Table 6.11). 
The CR result showed that one of the major differences between the two biosolids 
result was due to the contrasting pH and any observed effect of EC was due to the metal 
but not as a result of increased EC due to the addition of metal salts to the samples. 
Table 6.10: P2012A1 biosolids correlation coefficients for pHw, pHcacl2 and EC1:5 
with CR at 2-192 days. 
CR at days pHw pHcacl2 EC1:5 
correlation coefficient 
2 0.65 0.69 -0.37 
9 0.81 0.85 -0.51 
16 0.80 0.85 -0.56 
23 0.84 0.87 -0.63 
37 0.82 0.86 -0.63 
51 0.83 0.86 -0.62 
65 0.82 0.85 -0.63 
100 0.82 0.83 -0.65 
128 0.80 0.81 -0.65 
156 0.80 0.80 -0.66 
192 0.80 0.80 -0.66 
 
Table 6.11: SD biosolids correlation coefficients pHw, pHcacl2 and EC1:5 for CR 
at 2-192 days. 
CR at days pHw pHcacl2 EC1:5 
correlation coefficient 
2 -0.21 -0.28 -0.11 
6 -0.26 -0.34 -0.09 
9 -0.29 -0.37 -0.05 
14 -0.29 -0.37 -0.04 
16 -0.28 -0.37 -0.02 
23 -0.27 -0.36 0.01 
30 -0.30 -0.38 0.03 
37 -0.30 -0.38 0.02 
51 -0.28 -0.36 0.02 
65 -0.26 -0.34 0.01 
100 -0.24 -0.31 -0.03 
128 -0.25 -0.31 -0.02 
156 -0.22 -0.28 -0.05 
192 -0.17 -0.23 -0.09 
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6.6.2.2 The effects of Cd, Cu and Zn on SD and P2012A1 biosolids’ double 
exponential model constant and coefficients 
In this section, the CR data for both the SD biosolids and the P2012A1 biosolids 
samples were fitted to a double exponential model. The constants and coefficients 
from the double exponential model were analysed using factorial analysis and main 
effect plots. The rationale behind the analysis was to understand how Cd, Zn and Cu 
affect respiration long-term.       
Effect of Cd, Cu and Zn levels on SD biosolids’ respiration model results 
The results for the SD biosolids double exponential fit were displayed in Table A.7 
(constants and coefficients of the double exponential model are displayed in the table. 
Also, the calculated values using these constants and coefficients are also displayed). 
The data in the table was explored using factorial analysis by calculating the main 
effect plots (Figure A.3) and interaction plots (Figure 6.15 and Figure 6.16).  The 
summary of the main effect plots results for SD biosolids model constants, coefficients 
and calculated values are shown in Table 6.12 -6.14. Although not significant there was 
a decrease in Ct and %Tloss with an increase of Cd level. Ct is the asymptote of the 
equation, and %Tloss is the percentage of the Ct as a percentage of the total C in the 
incubation samples at the start of the experiment. The increase in Ct observed when 
level 2 of Cd and Zn was compared to level 3 Cd and Zn, that may be due to: (1) at high 
concentration the metals precipitate out of the biosolids-water during incubation 
which reduces the toxicity, and (2) the metals replacing nutrients in the exchangeable 
sites of the clay increasing the nutrient availability and microorganism growth which 
offsets the toxic effects of the metal resulting increase in Ct. Based on this results, the 
three metals do reduce Ct and therefore should increase the amount of C that can be 
preserved by metals. The %Tloss calculation was used to compare samples with 
different C (t0) since all the 27 runs for SD biosolids had approximately the same C and 
the result was similar. For both Ct and %Tloss there was a decrease with an increase in 
Cd levels; mainly when level 1 was compared to level 2, and 3  (Figure A.3 and Figure 
6.15). Based on the Ct and %Tloss results, high Cd levels will reduce the loss of C in the 
long-term. This result contradicts what was previously found where Cd was found to 
increase CR at 192 days. The main reason for the contradictory result was model 
predicts behaviour beyond 192-day timeframe for the incubation experiment. As a 
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result, samples with high Cd levels tend to have a lower CR asymptote value. Based on 
the model result it was clear that the Cd alters the way biosolids mineralise. 
Table 6.12: Summary table of the main effects of Cd levels on SD biosolids 
modelling constants, coefficients and calculated value results. 
SD biosolids 
constants, 
coefficients and 
calculated values  
Cd 
Level 1 compared to 
level 2 
Level 1 compared 
to level 3 
Level 2 compared 
to level 3 
Ct decrease decrease increase 
%Tloss decrease decrease increase 
Cf increase increase increase 
kf decrease decrease decrease 
Cs decrease decrease small increase 
ks increase increase decrease 
%Cf increase increase increase 
%Cs decrease decrease no change 
t1/2(f) increase increase increase 
t1/2(s) decrease decrease increase 
 
The main effect results showed that there was an increase in the Cf and %Cf and a 
decrease in Cs and %Cs with an increasing Cd level. The increase in the fast pool (Cf) 
and a decrease in the slow pool (Cs) within the total pool was the main reason behind 
the observed increase in CR at 192 days in SD biosolids samples. The increase in CR at 
192 days was mainly observed in the fast pool. Other critical coefficients are the rate 
constants kf and ks; the kf decreased with an increase in Cd levels and ks increase with 
an increase in Cd level. The decrease in kf means that there was an increase in t1/2(f) 
and in ks which means that there is a decrease in t1/2(s). The model results showed that 
when the Cd level increases the amount of total C lost by respiration was reduced, but 
the labile C lost by respiration mineralised faster and was lost in a shorter time.  
The increase in Cu levels has the similar but more significant effect on the respiration 
from SD biosolids when compared to Cd (Table 6.13). The model results showed is that 
there was a reduction in total C lost from respiration as CO2 with an increase in Cu 
levels, based on the Ct and %Tloss result. Further, the rate of the C loss occurs fast, and 
the CR levels-out quicker at the asymptote (Ct) with an increase in Cu level which can 
be observed by the reduction in t1/2(s). 
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Table 6.13: Summary of the main effects of Cu levels on SD biosolids 
modelling constants, coefficients and calculated value results.  
SD Biosolids 
constants, 
coefficients and 
calculated values  
Cu 
Level 1 compared 
to level 2 
Level 1 compared to 
level 3 
Level 2 compared 
to level 3 
Ct decrease decrease decrease 
%Tloss decrease decrease decrease 
Cf increase increase increase 
kf decrease increase increase 
Cs decrease decrease decrease 
ks increase increase increase 
%Cf increase increase increase 
%Cs decrease decrease decrease 
t1/2(f) increase decrease decrease 
t1/2(s) decrease decrease decrease 
 
Zn levels like Cd and Cu levels had a similar effect on SD biosolids respiration but the 
effect diminished at higher concentration (i.e. level 3) for Zn. The diminished effects 
can be observed by examining the column labelled level 2 compared to level 3. The 
diminished effect at high Zn levels might be due to Zn at high concentration releasing 
nutrients from the surface of the mineral component and OM component of biosolids. 
The high concentration could also result Zn precipitating out of the biosolids solution. 
However, it is important to note that Zn did not have a significant interaction, but Cd 
and Cu did with kf and t1/2(f) (Table 6.14). The interaction effects on kf and t1/2(f) can be 
observed in the contour plots in Figure 6.15 and Figure 6.16. The contour plot shows 
the changes in kf and t1/2(f) with changing levels of Cd and Cu. Overall, all three metals 
had some effect on SD biosolids respiration and in most of the cases the result showed 
that there was a decrease in total C lost to respiration which means that metals in SD 
biosolids may reduce C loss. Thus, this may increase biosolids C stability once applied 
to soil. 
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Table 6.14: Summary of the main effects of Zn levels on SD biosolids 
modelling constants, coefficients and calculated value results. 
SD Biosolids 
constants, 
coefficients and 
calculated values 
Zn 
Level 1 compared 
to level 2 
Level 1 compared 
to level 3 
Level 2 compared to 
level 3 
Ct decrease decrease small increase 
%Tloss decrease decrease small increase 
Cf small decrease small decrease no change 
kf small increase small increase small increase 
Cs decrease decrease no change 
ks increase increase increase 
%Cf increase increase small decrease 
%Cs decrease decrease small increase 
t1/2(f) small decrease small decrease no change 
t1/2(s) decrease decrease decrease 
 
The interaction plot and contour plot in Figure 6.15 visually shows the interaction 
effect. The importance of the result was that the Cu and Cd at level 3 or level 1 did not 
affect the rate as much as Cu at level 2 and Cd at level 3. This is an excellent example 
of the combined effect of two metals at the appropriate levels that significantly 
reducing the rate at which C mineralises and metals at the optimal concentration in 
biosolids which can maximise the C storage potential. The interaction plot and contour 
plot in Figure 6.16 shows the interaction effect of Cd and Cu levels on t1/2(f). 
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Figure 6.15: (a) The interaction plot of SD biosolids Cd and Cu levels on kf vs and 
(b) Contour plot of SD biosolids kf vs Cu and Zn. 
Cd (Level)
C
u
 (
L
e
v
e
l)
321
3
2
1
>  
–  
–  
–  
<  0.055
0.055 0.060
0.060 0.065
0.065 0.070
0.070
Kf(Days -1 )
(b) Contour Plot of kf(Days -1 ) vs Cu, Cd
280 
 
280 | P a g e  
 
 
Figure 6.16: (a) interaction plot Cd and Cu on t1/2(f) and (b) surface plot of Cd 
and Cu on t1/2(f). 
 
Table 6.15: Summary table of interaction effects of Cu and Cd on SD 
Constants, coefficients 
and calculated values 
SD biosolids Interaction 
Cd Cu Zn 
kf interaction (P<0.05) 
 
t1/2(f) interaction (P=0.001) 
 
Effect of Cd, Cu and Zn levels on P2012A1 biosolids model result  
In this section, the P2012A1 model data coefficients and constants were analysed the 
same way as the SD biosolids. The coefficient and constant result from the model were 
displayed in Table A.8. The constants, coefficients and calculated values (Table A.8) 
were evaluated using the factorial analysis and main effect plots (Figure A.4). The 
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results of the evaluation were summarised and compared in Table 6.16 - 6.18. The 
P2012A1 CR model data showed a different result with Cd as there was an increase in 
both the Ct and %Tloss (Table 6.16). The increase in Ct and %Tloss means there will be a 
more considerable amount of C theoretically lost by respiration. The Cf and Cs results 
showed that with the Cd level increase there was a decrease in the fast respiration pool 
and an increase in the slow respiration pool. The same observation can be seen by 
comparing %Cf and %Cs. The changes in these pools showed that there was an increase 
in C stability. kf and t1/2(f) results showed that there was an increase in the rate and the 
half-life in the fast pool, but the Cu effect diminished for t1/2(f) at level 3. This can be 
seen by the comparison of level 2 and level 3 where there was a decrease. In the slow 
respiration pool, there was a decrease in ks and increase in t1/2(s) with increased Cu 
levels in P2012A1 biosolids. What the Cd model result showed that the total C lost by 
respiration should increase and also the time that the loss takes place will increase as 
well. Based on the fitted mean in Figure A.4, there should be an increase from 
approximately 700 days to 1000 days for half the C in the slow pool to mineralise.      
Table 6.16: Summary table of main effect observation used to compare Cd 
level effects on P2012A1 biosolids modelling constants, coefficients and 
calculated values. 
P2012A1 Biosolids 
constants, 
coefficients and 
calculated 
values 
Cd 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared 
to level 3 
Ct increase increase increase 
%Tloss increase increase increase 
Cf no change decrease decrease 
kf increase increase increase 
Cs increase increase increase 
ks decrease decrease decrease 
%Cf decrease decrease decrease 
%Cs increase increase increase 
t1/2(f) increase small increase decrease 
t1/2(s) increase increase small increase 
 
Cu had a similar effect on P2012A1 biosolids as SD biosolids (Table 6.17). PLS results 
clearly showed that the Cu had an effect on CR as well as Cd. The main reason behind 
the non-significant result was due to the Pakenham clay-rich biosolids C being already 
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more stable compared to SD biosolids. So, any benefit from added C stability from 
increase Cu levels will only be minor. Even with the minor increase Cu still had an 
observable effect on respiration. Based on the model results it is evident that the 
increasing Cu levels would reduce the amount of C lost by respiration. The reduced C 
lost by respiration, due to increasing Cu levels, was based on the noticeable decrease 
in Ct and %Tloss. Also, both t1/2(f) and t1/2(s) increased when level 1 Cu was compared to 
level 2 Cu. The increase of t1/2(f) and t1/2(s) showed that the increase in Cu level would 
increase the time in which C loss happens in P2012A1 biosolids.  Based on the fitted 
mean the t1/2(f) increased from approximately 25 days to 250 days and t1/2(s) increase 
from 800 days to 1100 days, when Cu was increased from level 1 to level 2 (Figure A.4). 
Furthermore, when t1/2(f) and t1/2(s) level 1 was compared to level 3 Cu, there was an 
increase in t1/2(f) and a slight decrease in t1/2(s). Also, when t1/2(f) and t1/2(s) was compared 
between level 2 and 3 Cu, there was a decrease. The decrease in t1/2(f) and t1/2(s), with 
an increase from level 2 to level 3 Cu, means that when Cu levels are at very high 
concentration in biosolids, there is a decrease in the half-life. The reason for this 
decrease is that Cu at high concentration could precipitate out of the biosolids solution 
and also exchange with another nutrient at the surface of clay and OM, increasing 
respiration and decreasing half-life.  
Table 6.17: Summary table of main effect observation used to compare Cu 
level effects on P2012A1 biosolids modelling constants, coefficients and 
calculated values. 
P2012A1 Biosolids 
constants, 
coefficients and 
calculated values 
Cu 
Level 1 compared to 
level 2 
Level 1 compared 
to level 3 
Level 2 compared 
to level 3 
Ct decrease decrease decrease 
%Tloss decrease decrease decrease 
Cf no change decrease decrease 
kf decrease small increase increase 
Cs decrease decrease decrease 
ks decrease decrease small decrease 
%Cf decrease decrease decrease 
%Cs increase increase increase 
t1/2(f) increase increase decrease 
t1/2(s) increase small decrease decrease 
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In the P2012A1 biosolids, Zn levels had a minor effect on respiration than Cu. The 
lower effect of Zn on respiration is seen in the; no change, slight increase and slight 
decrease observations in the main effect plot (Table 6.18). Like Cu, the model showed 
that the increased Zn levels lead to a reduction in the projected C loss from respiration. 
The loss can be seen in the decrease in Ct and %Tloss fitted mean. Also, the slight 
decrease and increase in t1/2(f) and the decrease in t1/2(s) mean that the loss of the more 
labile C from respiration will happen quicker, but the overall C loss will be lower.  
Table 6.18: Summary table of main effect observation used to compare Zn 
level effects on P2012A1 biosolids modelling constants, coefficients and 
calculated values. 
P2012A1 Biosolids 
constants, 
coefficients and 
calculated values 
Zn 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 
compared to 
level 3 
Ct decrease decrease decrease 
%Tloss decrease decrease decrease 
Cf increase increase decrease 
kf slight increase decrease decrease 
Cs decrease no change no change 
ks no change no change no change 
%Cf increase increase no change 
%Cs decrease decrease no change 
t1/2(f) slight decrease increase increase 
t1/2(s) decrease decrease decrease 
 
6.6.2.3 The effect Cd, Cu and Zn on biosolids mineralisation  
6.6.2.3.1 SD biosolids  
The dynamics of total C in SD biosolids with time  
In the previous results section 6.6.2.1, the effects of increasing levels of 3 metals (Cd, 
Cu and Zn) on biosolids respiration dynamics were discussed. This section investigates 
the effects of increasing levels of Cd, Cu and Zn on C mineralisation as total C with the 
time. Mineralisation results showed that the SD biosolids did not lose a significant 
amount of C over the 180-days experiment (Figure 6.17). It is also shown that with so 
many permutations with the different metal levels it was difficult to observe the 
differences between the samples. One-way to overcome this problem is observing the 
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effects of one metal at a time (Figure 6.18) but the result did not show any apparent 
difference in C mineralisation with increasing metal levels.  
 
Figure 6.17: Changes in total C with time for SD biosolids spiked with Cd, Cu 
and Zn. 
 
Figure 6.18: Total C vs. time in days for SD spiked with: (a) Cd, (b) Cu and (c) 
Zn.  
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The total C result was analysed using factorial analysis and main effect plots (Figure 
A.5). The summary of the factorial result can be found in Table 6.19 - 6.22, and, in the 
same tables, the main effects from the factorial analysis are also shown. The main 
effect plot of Cd showed that there was a general increase in total C when level 1 and 
level 2 were compared.  
Since the total C of all the SD biosolids runs were approximately the same, any increase 
in fitted means that at level 1, compared to level 2, meant there was higher C in level 2 
compared to level 1. Thus, the Cd slowed or reduced the C loss at level 2 compared to 
level 1. When level 1 and level 3 mean values were compared there was a mixed result. 
Initially, there was an increase followed by a decrease (Table 6.19). What main effect 
results showed was that Cd affects level 2 (21 - 23 mg Cd /kg) concentration and at a 
very high concentration (i.e. level 3 39 - 45 mg Cd /kg) the effect lessened or negated 
entirely. The lessened or negated effect of Cd at high concentration can be observed by 
the comparison of level 2 and 3 in Table 6.19. The reason for the lessened effect may 
be due to Cd at very high concentration exchanging with nutrients on the clay surface 
and OM releasing nutrients lessening the effects of Cd toxicity.       
Table 6.19: Summary table of main effects used to compare Cd levels effects 
on SD biosolids total C mineralisation with time (days). 
SD Biosolids 
Days Cd 
Level 1 compared to 
level 2 
Level 1 compared to level 
3 
Level 2 compared to 
level 3 
42 small decrease small decrease small increase 
72 decrease increase increase 
99 increase increase small decrease 
125 increase increase decrease 
153 no change small decrease small decrease 
182 increase decrease decrease 
 
Cu levels also had a similar effect on SD biosolids C mineralisation when compared to 
the effect of Cd levels.  Cu at level 2 and 3 had higher total C compared to Cu at level 1. 
The higher total C at level 2 and 3 indicate the Cu inhibited loss of C and resulted in 
greater loss of C in level 1. Also, there was a diminished effect at level 3 compared to 
level 2, and this can be seen in Table 6.20. The diminished effect of both Cd and Cu 
might be due to precipitation or interaction with the sample, reducing the toxicity to 
microorganisms resulting lower C loss in level 3 compared to level 2.   
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Table 6.20: Summary table of main effect observation used to compare Cu 
level effects on SD biosolids total C mineralisation with time (days). 
SD Biosolids 
Days Cu 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 increase increase slight decrease 
72 increase increase slight decrease 
99 increase increase no change 
125 increase increase increase 
153 increase slight increase decrease 
182 increase increase decrease 
 
SD biosolids total C increased with increasing Cd and Cu levels. Zn also showed this 
similar increasing trend in total C except at 182 days (at the end of the experiment) 
that showed a decrease. The initial increase and then decrease in total C with time may 
result lower toxicity to a microorganisms with the time due into complexation and 
absorption to the mineral component in the clay.  
Table 6.21: Summary table of main effect observation and used to compare Cu 
level effects on SD biosolids total C mineralisation with time (days). 
SD Biosolids 
Days Zn 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 slight decrease increase increase 
72 increase increase increase 
99 increase slight increase decrease 
125 increase decrease decrease 
153 increase increase decrease 
182 decrease decrease no change 
 
There was also a significant interaction effect (P < 0.05) between Cd and Cu on total C 
at 99 days and between Cu and Zn on total C at 182 days (Table 6.22). The interactions 
effects at 99 days and 182 days can be best observed in Figure 6.19 and Figure 6.20, 
respectively. The interaction effect showed that two or more metals can interact and 
affect the C dynamics in biosolids and maybe in soil as well. 
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Table 6.22: Summary table of interaction effects of Cd, Cu and Zn levels on SD 
biosolids total C mineralisation with time (days). 
Days 
Interaction 
Cd Cu Zn 
42 
 
72 
99 Interaction P<0.05 
 
125 
 
153 
182 
 
Interaction P<0.05 
 
 
Figure 6.19: (a) Interactions plot for Cd and Cu on the effect on total C (%C) at 
99 days and (b) Contour pot for Cd and Cu on the effect on total (%C) at 99 
days. 
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Figure 6.20: (a) Interactions plot for Cu and Zn on the effect on total C (%C) at 
182 days and (b) contour plot for Cu and Zn on the effect on total (%C) at 182 
days.  
The dynamics of %C Loss with time for SD biosolids 
The %C loss was calculated to show how much C was lost during the experiment. 
Showing the result as %C loss highlights the variation in the data better than the total 
C (Figure 6.21). The result showed that after 182 days the C lost ranged from ~ 0 – 3 
% C.  This was similar to the respiration result that lost ~ 0.8 - 1.5 % C during the same 
period (~ 180 days). The %C loss data was found to vary greatly compared to the CR 
data. As a result of the differences in the method, for an example the CR data was 
measuring respiration as CO2 from the same ~ 10 g sample,  and in the mineralisation 
study ~ 10 g of biosolids was collected from ~ 300 g biosolids that were homogenised 
by being milled and mixed thoroughly before the experiment and during the 
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experiment as well. Even after the extensive homogenising process, there was still 
variation between subsamples and these created variations in the result. 
       
  
Figure 6.21: %C Loss with time for SD biosolids spiked with Cd, Cu and Zn. 
As shown in Figure 6.21, the mineralisation study generated a large data set. To 
differentiate the effect of a single metal on C loss, runs with increasing levels of a single 
metal were selected and plotted in Figure 6.22. The result showed that there was 
variability in the data. However, there was no easily observable change in %C loss with 
Cd and Zn levels when observing the effect one metal at a time. However, there was a 
noticeable decrease in %C loss with increasing Cu levels.      
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Figure 6.22: %C loss vs time in days for SD spiked with: (a) Cd, (b) Cu and (c) 
Zn.  
 
Similar to the previous section the %C loss was analysed by factorial analysis, and main 
effects were calculated. The main effects plots show the changes in mean %C loss 
values, for the 3 metals at each level for the 42, 72, 99, 125 and 182 days after the start 
of the experiment (Figure A.6). To further investigate the effect of these three metals 
on biosolids C, the %C loss was calculated by subtracting the total C during the 
experiment from the initial C concentration at the start of the experiment (i.e. C(t0)) 
for each of the runs (%C Loss (t) = C(t0 ) - C(t)). The %C loss is the estimate of the C 
lost during the experiment, and it was comparable to the CR result because CR is the 
loss of C from respiration as CO2. Also, the advantage with the %C loss is that it takes 
into account the small difference in the initial C levels at the start of the experiment to 
better account for the differences between the run and enables better comparison. 
Table 6.23 shows the main effects observed for the 182 days incubation experiment. 
The main effect results showed that Cd at level 1 compared to level 2 and level 3 showed 
an increase in most of the days. An increase between Cd level 1 and level 2 means that 
increased Cd levels increase %C loss in SD biosolids. Additionally, when the %C loss 
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main effect results were compared with CR results in an earlier section, the same 
observation was found. Also, it is important to note that none of the observations was 
significant for %C loss.  
Table 6.23: Summary table of main effect observations used to compare Cd 
level effects on SD biosolids %C loss with time (days). 
SD Biosolids  
Days 
Cd 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 increase increase decrease 
72 increase slight increase decrease 
99 no change slight decrease slight decrease 
125 slight increase no change slight decrease 
153 increase increase decrease 
182 increase increase no change 
 
Cu levels had the opposite effect on %C loss when compared to Cd levels. Increasing 
Cu levels were found to decrease the %C loss (Table 6.24). Additionally, this was the 
same result found by the respiration study. A possible explanation for the decrease in 
C loss may be a result of two processes; Cu forming complexes with OM and being 
toxic to the microorganisms. These two processes would result in reduction C loss and 
increase in C stored. It was found that Zn had a similar result to Cu (Table 6.25). 
Increased Zn levels were found to reduced %C loss, and at both 42 days and 72 days 
this result was found to be significant (P < 0.05, 42 days) and borderline significant (P 
= 0.055, 72 days). There was also a significant interaction (P < 0.05) between Cu and 
Zn on %C loss (Table 6.26 and Figure 6.23). What this means is that biosolids with 
high Cu and Zn levels can have a combined effect on % loss. 
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Table 6.24: Summary table of main effect observations used to compare Cu 
level effects on SD biosolids %C loss with time (days). 
SD Biosolids 
Days 
Cu 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to level 
3 
42 decrease decrease slight decrease 
72 decrease decrease slight increase 
99 decrease decrease slight decrease 
125 decrease decrease decrease 
153 decrease decrease increase 
182 decrease decrease increase 
 
Table 6.25: Summary table of main effect observations used to compare Zn 
level effects on SD biosolids %C loss with time (days). 
SD Biosolids 
Days 
Zn 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 no change decrease decrease 
72 decrease decrease decrease 
99 decrease decrease decrease 
125 decrease decrease increase 
153 decrease decrease decrease 
182 decrease decrease decrease 
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Figure 6.23: (a) Interaction pot for Cu and Zn on the effect on %C loss (%C) at 
125 days and (b) Contour pot for Cu and Zn on the effect on %C loss (%C) at 
125 days. 
 
Table 6.26: Summary table of interaction effects of Cd, Cu and Zn levels on SD 
biosolids %C loss with time (days). 
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6.6.2.3.2 P2012A1 Biosolids 
The dynamics of Total C in P2012A1 biosolids with time 
The P2012A1 mineralisation in this section was analysed in the same way as the SD 
biosolids. The P2012A1 total C did not change significantly after the 185 days 
incubation period (Figure 6.24). There was a small difference between the samples; 
this subtle difference may be due to the metals addition to the biosolids (Figure 6.24). 
To observe the effect of one metal on total C at a time the appropriate run no. was 
selected (Figure 6.25).  The result showed that total C did not change with increasing 
levels of Cd but for Cu and Zn there was slight decrease with increased levels of Cu and 
Zn. 
 
Figure 6.24: Changes in total C with time for P2012A1 biosolids spiked with 
Cd, Cu and Zn. 
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Figure 6.25: Total C vs. time in days for P2012A1 spiked with: (a) Cd, (b) Cu 
and (c) Zn.  
Like the previous section, the total C mineralisation data for P2012A1 biosolids were 
analysed by factorial analysis and the main effects were calculated. The main effect 
plot shows the mean values for each metal level (Figure A.7). By observing the main 
effect plot (Figure A.7), it can be concluded that increased metal levels either increased 
or decreased mean total C for each elapsed time interval.  
The total C in P2012A1 biosolids like SD biosolids did not significantly changeover the 
185-day incubation period (Figure 6.24). The factorial analysis showed mostly a non-
significant effect with increasing metal concentration except at the 101 days where Cd 
and Zn levels had a significant effect (P < 0.05) on total C but main effect plot did show 
differences (Table 6.27 - 6.30). Also, Cd levels had a positive effect on total C levels 
while Cu and Zn did not. There was a consistent increase in total C with increasing Cd 
levels. Inversely there was a decrease in total C with an increase in both Cu and Zn 
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levels (Table 6.28 and Table 6.29). The reason for these observations may be due to 
Cd being more toxic at low concentrations compared to Cu and Zn.  
Table 6.27: Summary table of main effects, used to compare Cd effects on 
P2012A1 biosolids total C mineralisation with time (days). 
P2012A1 Biosolids 
Days 
Cd 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 increase increase increase 
72 increase increase increase 
101 increase increase increase 
133 increase increase increase 
185 increase increase decrease 
 
Table 6.28: Summary table of main effects used to compare Cu effects on 
P2012A1 biosolids total C mineralisation with time (days). 
P2012A1 Biosolids 
Days 
Cu 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 no-change decrease decrease 
72 increase decrease decrease 
101 decrease decrease increase 
133 decrease decrease no change 
185 slight decrease slight increase slight increase 
 
Table 6.29: Summary table of main effects used to compare Zn effects on 
P2012A1 biosolids total C mineralisation with time (days). 
P2012A1 Biosolids 
Days 
Zn 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 decrease decrease decrease 
72 decrease decrease decrease 
101 slight decrease slight decrease no change 
133 decrease decrease decrease 
185 decrease decrease decrease 
 
There was also a significant interaction between Cd and Cu and Cu and Zn at the 101-
day mark (Figure 6.26 and Figure 6.27). The interaction can best be observed in the 
contour plots in Figure 6.30 and Figure 6.31. For all other days, the main effect showed 
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metals had an effect on mineralisation but based on the factorial analysis result this 
effect was not statistically significant.     
 
Figure 6.26: (a) Interaction plots for the combined effect of Cd and Zu on total 
C (%C) at 101 days and (b) Contour plot for the effect of Cd and Cu on total C 
(%C) at 101 days. 
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Figure 6.27: (a) Interaction plot for the effect of Cd and Zu on total C (%C) at 
101 days and (b) Contour pot for Cd and Cu on the effect on total C (%C) at 101 
days. 
 
Table 6.30: Summary table of interaction effects of Cd, Cu and Zn levels on 
P2012A1 biosolids total C mineralisation with time (days). 
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The dynamics of %C Loss with time for P2012A1 biosolids 
In the section, the C loss was compared based on the %C loss calculation and to better 
highlight the effect of the three metals (i.e. Cd, Cu and Zn) on mineralisation. The %C 
loss results in Figure 6.28 show after 180 days of incubation that approximately 0 - 3.5 
% of the C was lost. Furthermore, to observe the effect of a single metal on the %C loss 
runs were selected with increasing levels of only a single metal (Figure 6.29).  The 
result showed that there was no change in %C loss with an increase in Cd level, but 
there was a slight increase in Cu and Zn levels.  
 
Figure 6.28: %C Loss with time for P2012A1 biosolids spiked with Cd, Cu and 
Zn. 
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Figure 6.29: %C Loss vs time in days for P2012A1 spiked with: (a) Cd, (b) Cu 
and (c) Zn.  
 
Similarly, to the previous section, the result was analysed by factorial analysis and 
main effects were calculated. The main effect plots in Figure A.8 show the changes in 
mean %C loss with increasing metal levels for each of the 42, 72, 101, 133 and 185 days 
after the start of the experiment. The main effect results showed that the three metals 
levels affected %C loss.  Furthermore, increasing Cd and Cu levels reduced %C loss in 
most of the days but increasing Zn levels had the opposite effect and increased %C loss. 
The main effect plot results are displayed in Table 6.31 - 6.33. The P2012A1 biosolids 
had a very different result of %C loss compared to SD biosolids. There was an 
observable decrease in %C loss with an increase in Cd. This was opposite to what was 
found with SD biosolids. The differences in the Cd effect may be due to the lower pH 
in the P2012A1 biosolids than SD biosolids. Cd has been shown to less strongly absorb 
to the soil at low pH (Naidu et al., 1994) increasing its bioavailability and toxicity 
resulting minor C loss. 
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Table 6.31 Summary table of main effects used to compare Cd levels on 
P2012A1 biosolids %C loss with time (days). 
P2012A1 Biosolids  
Days 
Cd 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 decrease decrease no change 
72 slight increase decrease decrease 
101 decrease decrease decrease 
133 decrease decrease decrease 
185 decrease decrease increase 
 
Increasing Cu levels resulted in a decrease in a %C loss for most days, similar to the 
SD biosolids. In the summary of main effects results in Table 6.32, it was observed that 
increases in Cu levels lowered or decreased C loss in most cases. The lowering of C loss 
was due to the toxicity of Cu which had a greater effect at higher concentration and 101 
days after the start of the experiment.   
Table 6.32: Summary table of main effects, used to compare Cu levels effects 
on P2012A1 biosolids %C loss with time (days). 
P2012A1 Biosolids 
Days 
Cu 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to 
level 3 
42 decrease decrease no change 
72 decrease decrease increase 
101 increase slight decrease decrease 
133 increase decrease decrease 
185 slight decrease decrease decrease 
 
There was evidence of increasing %C loss with increasing Zn levels (Table 6.33). The 
increase in C loss with increased Zn levels may be due to Zn having lower toxicity at 
lower pH in biosolids. With the great H3O+ ions in the solution to keep the charge 
balance, Zn might adsorb on the clay at low pH releasing nutrients which increases 
microorganism activity and respiration.  
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Table 6.33: Summary table of main effects used to compare Zn levels on 
P2012A1 biosolids %C loss with time (days). 
P2012A1 Biosolids 
Days 
Zn 
Level 1 compared to 
level 2 
Level 1 compared to 
level 3 
Level 2 compared to level 
3 
42 increase increase increase 
72 increase increase increase 
101 increase increase slight decrease 
133 increase increase increase 
185 increase increase increase 
 
Similar to the total C result of P2012A1 there was a borderline significant interaction 
(P = 0.05) between Cd and Cu and a significant interaction (P < 0.05) between Cu and 
Zn on %C loss (Figure 6.30, Figure 6.31 and Table 6.34). The same level of interaction 
was also observed using total C data since the same total C data was used in the %C 
loss calculation and the initial C for each P2012A1 run was not greatly different. 
Therefore, the same interaction result was observed.         
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Figure 6.30: (a) Interaction plot for Cd and Cu on %C loss (%C) at 101 days and 
(b) Contour pot for Cd and Cu on the effect on %C loss (%C) at 101 days. 
 
 
Cu (Level)
C
d
 (
L
e
v
e
l)
3.02.52.01 .51 .0
3.0
2.5
2.0
1 .5
1 .0
>  
–  
–  
–  
–  
–  
<  0.0
0.0 0.5
0.5 1 .0
1 .0 1 .5
1 .5 2.0
2.0 2.5
2.5
days
at 101
%C loss
(b) P201 2A1   Contour Plot of %C loss at 1 01  days vs Cd , Cu
304 
 
304 | P a g e  
 
 
Figure 6.31: (a) Interaction plot for Cu and Zn on %C loss (% C) at 101 days 
and (b) Contour plot for Cu and Zn on %C loss (% C) at 101 days. 
 
Table 6.34: Summary table of interaction effects of Cd, Cu and Zn levels on 
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6.6.2.3.3 The effect of pH and EC on biosolids mineralisation  
Unlike the CR result, the mineralisation result showed no correlation with pH and EC 
during 182-day incubation for both SD and P2012A1 biosolids (Table 6.35 and Table 
6.36). The lack of correlation may be due to the minor loss of C in the 182 day 
(maximum ~ 3 % C was lost) coupled with the considerable variability in the result. 
Also, CR which is the respiration released as CO2 from microorganisms was a better 
indicator of toxicity from metals. 
Table 6.35: Correlation coefficient of P2012A1 biosolids for total C measured at 
42, 72, 99, 125, 153 and 182-day intervals.  
Time (days) pHw pHcacl2 EC1:5 
Correlation Coefficient 
42 0.39 0.40 -0.45 
72 0.38 0.33 -0.46 
99 0.37 0.47 -0.10 
133 0.39 0.40 -0.34 
185 0.30 0.30 -0.26 
 
Table 6.36: Correlation coefficient of SD biosolids for total C measured at 42, 
72, 99, 125, 153 and 182-day intervals.   
Time (days) pHw pHcacl2 EC 
Correlation Coefficient 
42 0.33 0.31 -0.26 
72 0.12 0.083 0.031 
99 0.21 0.14 0.062 
125 -0.078 -0.14 0.077 
153 0.25 0.23 -0.065 
182 -0.084 -0.037 0.064 
 
6.6.2.4 Comparison of SD and P2012A1 biosolids respiration and 
mineralisation  
The SD and P2012A1 biosolids had the same experimental condition and any 
differences between the respiration and mineralisation being due to the biosolids. The 
pH, clay and OM were found from previous work are the major differences between 
these two biosolids. Furthermore, it was found that P2012A1 biosolids have more 
stable C and this translated to lower respiration and mineralisation. The primary 
reasons why some metals had greater or lower effect on C loss and C stability in 
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P2012A1 biosolids compared to SD biosolids is probably due to pH differences. The 
P2012A1 biosolids had a low pH, and the SD biosolids had a high pH.   
The respiration result showed that there was a decrease in respiration with Cu and Zn 
levels after 192 days for both SD biosolids and P2012A1 biosolids. P2012A1 biosolids 
had a very significant reduction (P < 0.01) in respiration after 192 days of incubation, 
but SD biosolids showed no significant change. In contrast, increased Cd levels 
resulted in increased respiration in SD biosolids.  This was borderline significant (P = 
0.058) while had no change in respiration with P2012A1.  
Comparison of the model result for the two biosolids found that SD biosolids had a 
more significant result with increasing metal concentration than P2012A1. The reason 
for SD biosolids having a more significant result was due to SD solids having more 
labile C compared to P2012A1 biosolids. The more labile C in the SD meant that the 
effect of metals was more significant due to the toxic and complexing effects of metals 
preserving a more substantial fraction of C. In comparison, P2012A1 had a minimal 
amount of labile C, and this resulted slight reduction in C loss compared to SD 
biosolids. 
Also, by observing the main effects plot of the double exponential model, coefficients 
and constants, it was found that SD biosolids C lost from respiration would reduce 
with increased concentration of the three metals. Similarly, for P2012A1 biosolids the 
projected C loss from respiration reduced with increased levels of Cu and Zn but with 
increasing levels of Cd, the projected C loss increased. The increase in C loss has been 
put down to two reasons: Decreasing Cd toxicity and higher adsorption on the clay 
exchanging nutrient at low pH. It was also found in general that an increase in metal 
concentration resulted reduction of the total amount of labile C and also reduced that 
the time the liable C was lost form the biosolids. 
The mineralisation study showed there was a minimal loss of C during the 
approximate six months of incubation. There was mainly a flat result with minimal 
change for both biosolids. Also, with the flat result, there were some observable 
differences between the runs and also between the biosolids. It was found that Cu 
reduced the C lost from both biosolids. The reduce mineralisation and respiration with 
increased Cu levels was expected due to Cu inhibition to microorganisms and SOM 
being well established (Sauvé, 2006, Bolan et al., 2012, Knight et al., 1997). Increase 
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Cd levels resulted in a decrease %C loss in SD biosolids, in contrast; there was an 
increase in %C loss with an increase in Cd level for P2012A1 biosolids. Also, with 
increasing levels of Zn in SD biosolids, %C loss decreased compared to P2012A1 
biosolids which had an increase in %C loss. The critical differences in the respiration 
and mineralisation result for the two biosolids were due to contrasting pH, clay and 
OM in the two biosolids.          
6.7 Conclusion and implications for the water industry  
The critical information gained from this study was that heavy metals such as Cd, Cu 
and Zn affect the mineralisation of biosolids C. It was also found that the difference in 
pH between the two biosolids was one reason for contrasting respiration and 
mineralisation results. Additionally, the results showed that an increase in Cu levels 
would result in a reduction in C loss and an increase in C stored. It was found that 
increasing Cd and Zn levels can reduce or increase C loss, but this was dependent on 
the biosolids characteristics and type. The factorial analysis results showed that there 
was an interaction between the three metals used which means a combination of 
metals in the biosolids may enhance the C stored and reduce C loss.          
The importance of the key findings to industry was that metals which were mainly seen 
as contaminants could have significant benefit to soil C storage and soil C 
sequestration. It was found that Cu reduced C loss in both biosolids studied. Increasing 
Cd and Zn levels did not have the same effect for both biosolids used, but it was found 
in some instances that increased Cd and Zn levels reduced C loss in biosolids. The 
result of the study showed that a combination of metals could cause a significant 
reduction in C loss and increase C storage compared to a single metal.  In conclusion, 
based on the above findings, the hypotheses were supported that mineralisation and 
respiration of biosolids C will be reduced with the presence of Cu, Zn and Cd and also 
that the effect was both biosolids type and metal dependent.   
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Chapter 7: An Assessment of the 
Effect of Biosolids Applications 
on Soil C Storage 
7.1 Preamble   
The three previous chapters in this thesis examined the potential of different types of 
biosolids to store C once applied to land. This chapter describes the study of a historical 
South East Water application site and a Wannon Water site to determine if the land 
application of biosolids has an impact on C storage. 
7.2 Introduction 
The soil C pool is the 3rd largest pool of C after the ocean and geological pools, holding 
2500 Pg C (Lal, 2007). Soil C is made up of the soil inorganic C (SIC) pool and the soil 
organic carbon (SOC) which holds 950 Pg C and 1550 Pg C, respectively (Lal, 2007). 
SOC is made of a variety of organic C materials that have different stabilities over time 
(Sanderman et al., 2010). Management practices that increase highly stable and 
recalcitrant C levels in soil can lead to a build-up of organic C in the soil, resulting C 
sequestration. Management practices such as no-till (Freibauer et al., 2004, Koga and 
Tsuji, 2009, Sainju et al., 2008, Slattery and Surapaneni, 2002, Wright and Hons, 
2005), stubble and crop residues retention (Lal, 1997, Slattery and Surapaneni, 2002) 
and addition of  organic amendments such as biosolids (Bolan et al., 2013, Tian et al., 
2009, Hemmat et al., 2010, Nyamangara and Mzezewa, 2001, Parat et al., 2005, Dai 
et al., 2009) can significantly increase SOC. 
Biosolids contain a substantial amount of organic C, and several studies have shown 
that the application of biosolids significantly increased soil organic C (SOC). Hemmat 
et al. (2010) and Nyamangara and Mzezewa (2001) have shown that the application of 
sewage sludge can significantly increase organic C in soil. Hemmat et al. (2010) in a 7 
years field experiment that applied biosolids annually at 25, 50 and 100 Mg/ha, found 
that the soil organic C in the treatment sites increased to 16.2, 22.6 and 28 g/kg 
respectively compared to the control site with 8.9 g/kg of SOC (Figure 7.1). Another 
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study was reported by Nyamangara and Mzezewa (2001) which involved  19 years of 
sewage sludge application. This study also found that sewage sludge application led to 
increase in soil C levels in the top 0 – 5 cm and 5 - 10 cm depths when the control and 
treated area results were compared (Figure 7.2). The average organic C concentration 
in the treatment site was 87 g/kg in the 0 -5 cm depth and 45 g/kg in the 0 - 10cm 
depth compared to the control where the organic carbon concentration was 25 and 18 
g/kg, respectively. Both studies showed that biosolids significantly increase organic C 
in treated sites compared to controls. The study by Nyamangara and Mzezewa (2001) 
highlighted the importance of smaller depth intervals when measuring organic C. An 
Australian study, which investigated the effects of stubble retention on soil C, found 
that the highest concentration of  OC  was in the top  0 - 2.5 cm depth interval 
(Chowdhury, 2014) 
 
Figure 7.1: SOC with the sewage sludge  annual application rate (Hemmat et 
al., 2010). 
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Figure 7.2: SOC with depth on sewage sludge application site (Nyamangara 
and Mzezewa, 2001).   
It has been well documented that biosolids application increases organic C and organic 
matter in the soil (Tian et al. 2009). Nonetheless, very few studies have been reported 
on the estimation of the soil C sequestration potential of biosolids. American field 
studies by Tian et al. (2009) showed that biosolids could significantly increase soil 
organic C. The study measured soil mined (i.e. damaged) and non-mined (i.e. not- 
damaged) 41 biosolids field sites that had a repeated application of biosolids from 1972 
to 2004. These sites had a cumulative application rate of 455 to 1654 Mg/ha (dry 
weight). The repeated application of biosolids resulted in a net C gain ranging from 74 
to 166 Mg C/ha which equates to a sequestration rate of 0.54 - 3.05 Mg/ha/yr. The 
result showed that mined soil had a higher net soil C sequestration rate compared to 
non-mined soil. It was also found that the annual net sequestration rate positively 
correlated with the annual net application rate. An Australian three-year field 
experiment by Bolan et al. (2013) found that on a landfill site (damaged soil) the 
increase in SOC was related to the number of biosolids applications. They also found 
that, as long as biosolids were applied annually, the soil organic C would continually 
increase. In another Australian study, Wijesekara et al. (2017) showed that a single 70 
Mg/ha biosolids application on clay loam and sandy loam soils increased the SOC in 
the 0 – 15 cm depth region by greater than 45 %. The same study also found that the 
biosolids application enhanced loss of C through respiration. To sustain the increase 
in soil C storage, repeated application of biosolids was found to be critical. However 
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repeated application of biosolids is not a normal management practice in Victoria. As 
a result, biosolids application in Victoria may not lead to C sequestration. Therefore, 
further research is needed to understand if the current Victorian biosolids 
management practices will lead to C sequestration. 
7.2.1 Hypotheses 
The hypotheses of the study were as follows:   
i. The land application of biosolids will lead to an increase in SOC in the treated 
areas compared to the controlled areas.  
ii. The accounting of soil C will be dependent on the soil sampling methodology.  
iii. The sites with multiple applications will lead to significant increase in SOC 
stored and sequestered compared to the single application sites.       
 
7.2.2 Objectives  
The overall objectives of this study were: 
i. To determine if the land application of biosolids will lead to increase C, N and 
available P. 
ii. To compare two sampling methods to determine the best sampling method for 
estimating C storage in soil.  
iii. To determine the amount of C stored and sequestered by biosolids application 
in each site.  
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7.3 Methodology  
7.3.1 Sampling plan 
7.3.2 Sites 
Five biosolids application sites were chosen; four of the sites were SEW application 
sites located in the south-east edge of Melbourne and one Wannon Water site located 
near Camperdown, Victoria, west of Melbourne (Figure 7.3). The details of each site 
such as application rate, application area, application years and stockpiles used are 
shown in Table 7.1. 
 
Figure 7.3: Map of the five site locations chosen for this study (Google Earth).  
Table 7.1: South East Water and Wannon Water sites for quantifying C 
dynamic in land application sites.  
Sample 
areas 
Area 
(ha) 
Number of 
multiple 
applications 
Application 
year 
Stockpile 
used 
Application 
rate (dry 
t/ha) 
Application 
area (ha) 
for each 
stockpile 
BHF 18.4 2 2014, 2006 
BB2010 
59 18.4 
BB2007 
Somers 15.7 3 
2014, 2012 & 
2011 
H2010 50 5.9 
C2010 50 9.8 
ASY 
13.6 1 2014 
R2010 
13.6 
10 
Farm RSD2010 3.6 
K Farm 10.8 1 2014 RSD2010 78.1 10.8 
Wannon 
Water– 
West 
Pump 
(WP) 
14.26 3 
2008, 2010 & 
2011 
2004 8 10 
2006 10 12.6 
2007 6.2 13.7 
 
N 
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7.3.3 Sampling plan 
Two sampling methods were chosen for this study to investigate if two different 
sampling methods affect the estimate of C storage from biosolids application.   
Sampling Method 1 
Method 1 used a stratified random sampling design which was described by Chappell 
et al. (2013) for the estimation of soil C storage. The method requires the treated sites 
and control sites (buffer zones next to or around the biosolids application areas) to 
be divided into ten quadrats with approximately the same area. Two cores were 
sampled randomly by a split core auger from each of the ten quadrats in the treated 
areas (Figure 7.4). Each core was divided into three micro depth sections of 0 - 2.5 cm, 
2.5 – 5 cm and 5 - 10 cm. This process was repeated for the remaining nine quadrats, 
and the micro-depth sections for each depth were composited to obtain two samples 
for each depth corresponding to the two cores for each quadrat (Table 7.2).  The 
control samples were collected in the same manner resulting in two samples at each 
micro depth. The maps of the treated areas and control areas are presented in Figure 
7.5.    
Table 7.2: Number of samples per depth and total samples per site for first 
sampling method. 
Depth 
(cm) 
Cores 
Total 
composite 
samples per 
depth 
0-2.5 
First cores (1 core ×10 quadrats) 1 
Second cores (1 core ×10 quadrats) 1 
2.5-5 
First cores (1 core ×10 quadrats) 1 
Second cores (1 core ×10 quadrats) 1 
5-10 
First cores (1 core ×10 quadrats) 1 
Second cores (1 core ×10 quadrats) 1 
The total composite sample for each treated and control area  = 6 
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Figure 7.4: Core collected using a split auger. 
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Figure 7.5: Maps of BHF, Somers, ASY Farm, K Farm and WP treated areas and control areas sampled for method 1 (Google, 2018).     
 
318 
 
318 | P a g e  
 
Soil sampling method 2 
A conventional judgment sampling design was undertaken as described by Brown 
(1999) using bucket augurs for this investigation (Figure 7.6). The method involved 
taking a minimum of 40 cores per 5 ha at 0 – 10 cm depth in a zigzag pattern which 
was composited into one sample for each application area and control area (Vic EPA, 
2004). The control areas for both methods were the buffer zones next to or around the 
application areas. The control area was under the same farming management but has 
never had biosolids applied. For Somers and BHF, samples were taken from the 
control area and treated areas as in Figure 7.5. For ASY, K farm and WP the treated 
area was divided into two areas approximately 5 ha or less and one sample was taken 
from each of the areas. The reason for this division was to ensure 40 cores were taken 
from every 5 ha. To visualise how the areas were divided refer to Figure 7.7.  
 
Figure 7.6: Image of a bucket auger. 
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Figure 7.7: Map of ASY farm, K farm and WP farm for method 2 (Google, 2018).    
Soil processing  
The sites illustrated above were sampled from June to July 2014. Soil samples were 
collected and placed in paper bags and transported to the RMIT laboratories Samples 
were air-dried, homogenised, ground with mortar and pestle and sieved < 2 mm. The 
> 2 mm and < 2 mm fractions were weighed for the C stock calculation. The < 2 mm 
fraction was mixed and homogenised before a subsample was taken and milled to a 
fine powder and stored in containers to be analysed later. 
7.1.1 pHw & CaCl2 and EC1:5 
The pHw & CaCl2 and EC1:5 were carried out according to the procedure in chapter 2 
(section 2.5.2.1.1). 
7.3.4 Bulk density (BD) 
Bulk density (BD) was measured by taking one core from each of the ten quadrats from 
method 1. The samples were collected with a split auger and then the collected cores 
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were cut up at 0 - 2.5 cm, 2.5 - 5 cm and 5 - 10 cm depths. After cutting into different 
depths the segments were carefully placed into paper bags. The bags were taken back 
to the laboratory and the soils were carefully transferred into pre-weighed aluminium 
trays, oven dried at 105 ◦C for 24 hours and then reweighed. The bulk density of both 
methods was calculated using Equation 7.1. 
Bulk density calculation 
𝐵𝐷 (
𝑔
𝑐𝑚3
 𝑜𝑟
𝑀𝑔
𝑚3
) =
𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 𝑚𝑎𝑠𝑠
𝑐𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 
 
(Equation 7.1) 
7.3.5 Total C and nitrogen   
The soil samples collected were treated with 5 % H2SO3 on a hotplate and heated to 
dryness in a fume hood to remove carbonates. Once the excess H2SO3 was dried, both 
the acid treated, and non-acid treated samples were analysed for total C and total N by 
the LECO method described in chapter 2. In this study, the total C results were 
reported since there is no difference between the H2SO3 treated samples and non-
treated samples as the sites had negligible amounts of carbonates.  
7.3.6 C stock calculation 
The C content of each soil layer for both sampling methods was calculated using the 
method described in Sanderman et al. (2011). Equation 7.2 was used to calculate the 
C content for each depth layer for both treated and control sites. To estimate how much 
C was stored or lost from each of the treated sites, the C content from the treated was 
subtracted from the average C content in control areas to obtain the amount C stored 
over the whole area. For each treated area the average C content and the lower 95 % C 
content was calculated. These two calculations were used to estimate how much C was 
sequestered from each application area. 
C content calculation (Sanderman et al., 2011)  
𝐶 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (
𝑀𝑔𝐶
ℎ𝑎
) = 𝑠𝑜𝑖𝑙 𝐶 (
𝑚𝑔
𝑔 < 2𝑚𝑚
) × 𝑔𝑟𝑎𝑣𝑒𝑙 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (
𝑔 < 2 𝑚𝑚
𝑔 𝑠𝑜𝑖𝑙
) × 
𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑐𝑚) × 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑢𝑛𝑖𝑡𝑠 (
108𝑐𝑚2
ℎ𝑎
×
𝑀𝑔
10 9𝑚𝑔
) 
(Equation 7.2) 
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7.3.7 Olsen-P 
The Olsen-P in the soil was measured using the method described in chapter 2.  
7.3.8 Statistical analysis  
Data were subjected to ANOVA using Minitab 16 statistical software to test 
significance of the treatments imposed. 
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7.4 Result and discussion 
7.4.1 Soil EC1:5, pHw, pHCacl2, and Bulk density (BD)  
Method 1- Soil EC1:5, pHw, pHCacl2, and Bulk density (BD) of micro depths  
The EC1:5 were found to be < 0.2 ds/m for most sites, and there were no observable 
difference between the sites. Also, no considerable difference between EC1:5 in the 
biosolids treated area compared to the control areas (Table 7.3). Most sites had pHw 
and pHCacl2 ranging from neutral to slightly acidic, and there was not substantial 
variation between the sites. This result was not unexpected because most farmers try 
to maintain the soil pH within the range of neutral to slightly acidic to ensure optimal 
availability of plant nutrients. The bulk density did not vary significantly; most sites 
had a bulk density of approximately 1 Mg/m3. A bulk density of 1 indicates the site has 
good macrostructure and stability (Cass, 1999). 
Method 2- Soil pHw, pHCaCl2, EC1:5 and Bulk density (BD) Macro depth  
The EC1:5, pHw, pHCaCl2 did not significantly change when the two methods were 
compared (Table 7.4). The reason for no difference in EC and pH when the methods 
were compared was that EC and pH tend to be uniform in the top 0-10 cm depth. The 
EC1:5 results for most sites were less than 0.2 dS/m, and there was no observable 
difference between treated and control sites except for ASY and K Farm. Both pHw and 
pHCaCl2 ranged from slightly acidic to neutral which was the optimal pH for the 
availability of nutrients as mentioned earlier. The bulk density of all sites was 
approximately 1 Mg/m3 and was not showing any signs of soil compaction due to 
vehicular traffic or damage from grazing animals on the site.  
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Table 7.3: Method 1 - The EC, pHw, PHCacl2, and Bulk density (BD) results of the treated and control areas for the five sites 
for the 3 depth intervals. 
Site  Area  Depth (cm) 
EC 1:5 
(dS/m) 
Error pHw Error pHcacl2 Error BD (Mg/m3) Error 
BHF 
Treated 
0-2.5 0.067 0.006 5.64 0.25 5.065 0.021 0.786 0.063 
2.5-5 0.071 0.015 5.76 0.15 5.061 0.027 1.158 0.076 
5-10 0.104 0.03 5.46 0.05 5.053 0.047 1.241 0.05 
Control  
0-2.5 0.071 0.007 6.16 0.04 5.448 0.06 0.934 0.028 
2.5-5 0.05 0.006 6.14 0.13 5.331 0.145 1.031 0.039 
5-10 0.05 0.007 6.1 0.05 5.027 0.081 1.213 0.029 
Somers 
Treated-A 
0-2.5 0.062 0.002 5.72 0.13 4.866 0.063 0.883 0.053 
2.5-5 0.045 0.005 5.72 0.13 4.744 0.052 1.109 0.038 
5-10 0.045 0.001 5.63 0.01 4.678 0.03 1.203 0.046 
Treated-B 
0-2.5 0.142 0.014 5.54 0.02 4.773 0.004 1.018 0.252 
2.5-5 0.085 0.009 5.39 0.02 4.537 0.003 1.051 0.139 
5-10 0.06 0.004 5.44 0.02 4.525 0.045 1.203 0.145 
Control 
0-2.5 0.045 0.002 5.92 0.05 5.083 0.003 0.934 0.177 
2.5-5 0.042 0.006 5.88 0.12 5.099 0.051 1.031 0.11 
5-10 0.039 0.001 5.87 0.09 4.895 0.072 1.213 0.179 
ASY  
Treated-A 
0-2.5 0.065 0.006 6.04 0 5.398 0.088 0.809 0.256 
2.5-5 0.085 0.006 5.61 0.21 5.103 0.097 0.954 0.302 
5-10 0.098 0.011 5.33 0.14 4.495 0.015 1.166 0.369 
Treated-B 
0-2.5 0.147 0.017 5.38 0.28 4.933 0.204 0.75 0.145 
2.5-5 0.112 0.016 5.86 0.1 5.15 0.025 1.122 0.331 
5-10 0.177 0.019 5.73 0.05 5.298 0.103 1.175 0.237 
Control 
0-2.5 0.03 0.001 5.97 0.21 4.903 0.245 0.862 0.273 
2.5-5 0.031 0.002 5.82 0.01 5.08 0.636 1.337 0.423 
5-10 0.031 0.002 5.45 0.02 4.136 0.101 1.28 0.405 
K farm 
Treated 
0-2.5 0.18 0.016 6.42 0.04 5.803 0.07 0.819 0.174 
2.5-5 0.148 0.009 6.27 0.03 5.683 0.093 0.895 0.214 
5-10 0.115 0.024 5.94 0.06 5.201 0.037 1.124 0.194 
Control 
0-2.5 0.068 0.019 6.11 0.19 5.177 0.083 1.255 0.25 
2.5-5 0.045 0.01 5.96 0.04 4.993 0.033 1.177 0.086 
5-10 0.017 0.012 6 0.01 4.937 0.01 1.469 0.106 
West pump 
Treated 
0-2.5 0.133 0.009 6.28 0.02 5.466 0.109 0.785 0.121 
2.5-5 0.071 0.007 5.98 0.08 5.159 0.129 1.159 0.347 
5-10 0.044 0.011 5.77 0.13 4.835 0.023 1.156 0.115 
Control 
0-2.5 0.113 0.013 6 0.06 5.226 0.012 0.842 0.12 
2.5-5 0.063 0.004 5.63 0.01 4.541 0.015 1.077 0.138 
5-Oct 0.048 0.002 5.24 0.08 4.258 0.026 1.154 0.068 
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Table 7.4: Method 2 - The EC1:5, pHw, PHCacl2, and Bulk density (BD) results for the treated and control areas for the five 
sites (depth 0 – 10 cm).    
Sites Area 
EC 1:5 
(ds/cm) 
Error pHw Error pHCaCl2 Error 
BD 
Mg/m3 
Error 
BHF 
Treated 0.10 0.01 5.74 0.01 4.99 0.02 1.11 0.03 
Control 0.08 0.01 5.72 0.26 5.07 0.01 1.10 0.01 
Somers 
Treated-A 0.052 0.001 5.70 0.01 4.87 0.04 1.10 0.03 
Treated-B 0.144 0.003 5.31 0.00 4.56 0.01 1.12 0.10 
Control 0.045 0.03 5.95 0.00 5.01 0.01 1.10 0.13 
ASY  
Treated-A1 0.130 0.010 5.46 0.07 4.81 0.02 1.02 0.26 
Treated-A2 0.217 0.004 5.25 0.02 5.04 0.32 1.02 0.26 
Treated-B 0.283 0.002 5.74 0.01 5.34 0.01 1.06 0.15 
Control 0.038 0.002 5.49 0.01 4.38 0.01 1.19 0.27 
Control 0.039 0.001 5.65 0.04 4.39 0.01 1.19 0.27 
K Farm 
Treated-N 0.204 0.003 6.10 0.04 5.61 0.03 0.99 0.15 
Treated-S 0.286 0.010 5.87 0.01 5.39 0.02 0.99 0.15 
Control-S 0.089 0.003 6.49 0.65 4.98 0.01 1.23 0.08 
Control-N 0.094 0.002 6.04 0.04 5.06 0.04 1.23 0.08 
West pump 
Treated-1 0.069 0.005 5.75 0.06 5.16 0.03 1.06 0.11 
Treated-2 0.071 0.004 5.97 0.04 5.19 0.05 1.06 0.11 
Control 0.083 0.001 5.88 0.03 4.84 0.04 1.06 0.05 
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7.4.2 Biosolids sites - soil C 
Method 1 - Soil C (micro depths) 
The treated and control areas were measured for total C at each depth interval and 
sites (Figure 7.8).  For most sites, the treated areas had higher total C than the control 
areas, but in a few cases, the control area had approximately the same or higher total 
C than the treated area. ANOVA was used to compare control and treated sites, and 
the results of this analysis are displayed in Table 7.5. BHF had greater total C in the 
treated areas compared to the control areas at the 2.5 - 10 cm interval but at the 0 - 2.5 
cm interval the control had greater total C. The reason for C being greater in the bottom 
depth was due to the mandatory incorporation of biosolids in the 0 - 10 cm depth as 
required by the EPA biosolids guidelines (Vic EPA, 2004). The incorporation process 
relocates biosolids into the deeper layers of the soil resulting in increased soil C. 
Additionally the incorporation of  biosolids into soil may reduce biosolids C 
sequestration potential as tillage management practices reduce soil C compared to no-
till and reduce till  management (Freibauer et al., 2004, Smith, 2004, Tian et al., 
2009). 
The total C data for the Somers site showed that after three applications, the treated-
B area had significantly higher total C than control at all depths, but the total C content 
in treated-A area was not significantly different to control (Figure 7.8 & Table 7.5). 
There can be several reasons for the different results in treated areas:  
• Slightly different soil types between treated-A and treated-B. 
 
• Different C loading  rates due to differences in the biosolids that were applied 
and since biosolids were applied based on the nitrogen limiting application rate 
(NLAR) calculations in the Victorian biosolids guidelines (Vic EPA, 2004), 
 
• The type of biosolids since it was found in a previous work that the type of 
biosolids can have an effect on biosolids C stability. 
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Figure 7.8: Method 1 - Total C of biosolids treated areas and control areas for 
the five sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP.   
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Table 7.5: Method 1 - Summary table of ANOVA results for total C. 
Site 
Depth 
interval 
(cm) 
Treated significantly higher 
than control (p<0.05) 
(Yes/No) 
Control 
significantly 
higher that 
treated (p<0.05) 
(Yes/No) 
BHF 0-2.5 No Yes 
 2.5-5 Yes No 
  5-10 Yes No 
Somers 0-2.5 No (area A),  Yes (area B) No 
 2.5-5 No (area A), Yes (area B) No 
  5-10 No (area A), Yes (area B) No 
ASY 0-2.5 Yes (area A), No (area B) No 
 2.5-5 Yes (area A), Yes (area B) No 
  5-10 Yes (area A), No (area B) No 
K Farm 0-2.5 No No 
 2.5-5 Yes No 
  5-10 Yes No 
WP 0-2.5 No No 
 2.5-5 No No 
  5-10 No Yes 
 
Compared to BHF and Somers which had multiple applications, ASY had only a single 
application. The total C data from the ASY farm after one application showed a 
significant increase in C in treated-A area compared to control area (Figure 7.8).  The 
total C ASY and K farm total C showed that a single application of biosolids does 
increase C, but the increase in most cases was found to be small due to a large dilution 
effect in the top 10 cm. Based on the simple dilution calculation carried out, the 
average SEW site had BD of ~ 1.1 Mg/m3 in 1 ha at 10 cm depth that calculates to the 
1000 m3 volume of soil. So there was 1100 Mg of dry soil in 1 ha at the 0-10 cm depth. 
The average SEW application rate was ~ 50 Mg of dry biosolids/ha. Therefore, using 
1100 Mg of dry soil/ha that was equivalent to a ~ 23-fold dilution. From previous work, 
SEW Boneo solar dried (SD) biosolids and Pakenham biosolids had ~ 34 % C and ~ 6 
% C, respectively. Using the 23-fold dilution, the soil total C concentration should 
increase by 1.5 and 0.3 % C, respectively in the top 10 cm of soil. Further, most SEW 
sites should see an increase of 1.5 - 0.3 % C as, SD biosolids products were found to 
have the highest C compared to all other SEW products and Pakenham had the lowest 
C. In addition, a small fraction of this biosolids C added to soil will be lost due to 
respiration as (CO2) (Wijesekara et al., 2017).  
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Based on the work in chapter 4, the loss of C from biosolids through respiration may 
vary from 5 – 12 % based on studies using clay alone. If this result is replicated in a soil 
environment repeat application of biosolids would be needed to increase soil C levels 
to a point where it can be distinguished from the natural variation in the background 
C. Additionally, biosolids like soil contain stable C pools and the fraction with repeat 
application of biosolids will slowly enhance these pools over time and fraction which 
may lead to increase C storage and sequestration. 
The WP site managed by Wannon Water was the only non-SEW site used in this study 
and this site was located on the basalt plain in the western region of Victoria. The WP 
site showed no significant difference (P > 0.05) in C concentration in the top two 
depths of 0 - 2.5 cm and 2.5 – 5 cm, but in contrast, the bottom 5 - 10 cm depth layer 
had significantly higher total C in the control areas when compared to the treated 
areas. The higher C in the control area could be due to natural variation in the site. The 
lack of differences in the C from treated areas compared to the control after three 
applications could be due to the biosolids applied to the site being low in C and not 
resulting in a significant increase in C or the maximum C storage levels of soil had been  
reached (Christopher and Lal, 2007, Powlson et al., 2011, Yan et al., 2007). The 
maximum C storage level was dependent on the site, but by comparing the C levels in 
control areas for all the five sites, it can be observed that WP has the highest C in the 
control site. This naturally high background level may be evidence that the maximum 
C storage level has been reached, which emphasises the importance of site by site 
evaluation for potential C storage. 
Method 2 - Soil C (macro depths) 
Method 2 was the more conventional method carried out by farmers and land 
managers to monitor the surface soil (0 - 10 cm) for soil properties. The disadvantage 
of the method was that it averages out the entire 0 - 10 cm depths which results in less 
information about the changes in C with depth. The data generated from method 2 
showed a similar trend to method 1, and most treated areas had higher total C than the 
control (Figure 7.9), the exception being the WP site, where the control area had 
significantly higher total C compared to the treated area (Table 7.6). Also, the ASY and 
K Farm sites had two control areas with small differences in total C value which caused 
some uncertainty as to which would best represent background C levels. To overcome 
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this problem for any future C accounting scheme, the best soil C accounting procedure 
would be to sample any potential future biosolids application areas before any 
biosolids application. Using the same soil sampling method as the pre-application 
sampling to measure the soil C post-application will ensure more accurate data for any 
C accounting methodology. 
Table 7.6: Method 2 - Summary table of ANOVA results for total C. 
Site 
Depth 
interval 
(cm) 
Treated significantly higher 
than control (p<0.05) (Yes/No) 
Control 
significantly 
higher that 
treated (p<0.05) 
(Yes/No) 
BHF 0-10 Yes No 
Somers 0-10 Yes (area A), Yes (area B) No 
ASY 0-10 No (area A), Yes (area B) No 
K Farm 0-10 Yes No 
WP 0-10 No Yes 
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Figure 7.9: Method 2 - Total C of biosolids treated areas and control areas for 
the 5 sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP.  
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7.4.3 Biosolids site - Soil N  
Method 1 - Soil N (micro depths) 
C and N levels in soil have been shown to be interrelated due to both C and N being an 
essential part of soil OM (Strong and Mason, 1999). Further, unlike C N was an 
essential nutrient for plant growth. For most sites it was found that the total N in the 
soil increased in treated areas compared to the controls (Figure 7.10).  This result was 
unsurprising since all biosolids have been applied based on the NLAR and N should 
have increased from the biosolids application. The only site that did not show an 
increase in N was the WP site. The reason why N did not increase in the treated area 
was probably because  both C and N had reached maximum storage level, and 
therefore any addition of C and N had no effect. The WP site had the highest N levels 
in control compared to all other sites which may indicate the maximum pasture 
production for the soil has been reached. Thus, any further addition of  N from the 
biosolids application will have no benefit to the soil and will not lead to a long-term 
increase in soil C or  N.  
Method 2 - Soil N (macro depth) 
The total N had a similar trend to total C which was expected due to both C and N 
being essential elements in the OM of the soil (Figure 7.9 and Figure 7.11). Further, 
most SEW sites had higher N in the treated than the control except Wannon Water 
WP site. The higher N in the control area for WP was consistent for both methods 
(Figure 7.10 and Figure 7.11). This meant that the maximum storage level for C and N 
had been reached for the soil at WP site and any further applications did not lead to a 
long-term increase in C.  
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Figure 7.10: Method 1 - Total N of biosolids treated areas and control areas for 
the 5 sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP. 
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Figure 7.11: Method 2 - Total N of biosolids treated areas and control areas for 
the 5 sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP. 
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7.4.4 Soil C and nitrogen relationship  
Total C and N data were found to be strongly correlated (Figure 7.12).  The correlation 
result showed that C sequestration will also lead to sequestration of N due to both 
being critical components of OM. Soriano-Disla et al. (2010) also found a correlation 
between SOC and Kjeldahl Nitrogen.  An important observation was made that repeat 
application sites with a higher C:N ratio (such as BHF and Somers) increased in C 
while WP with lower C:N decreased in C (Table 7.7 and Table 7.8). Several studies were 
showing that low C:N ratio results in higher C mineralisation (Christopher and Lal, 
2007, Teravest et al., 2011) and this may explain why WP had lower C in the biosolids 
treated site. The C:N ratio was approximately the same in the control and treated 
areas, and the C:N ratio was not affected by the application of biosolids. This was a 
result of an increase in C concentration from the increase in N and P that increased 
plant growth, and enhanced plant residual C added to the soil, thus increasing the C:N 
ratio.        
 
Figure 7.12: Total C and nitrogen correlation. 
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Table 7.7: Method 1 - The C:N ratio treated areas and control areas for all five 
biosolids application sites.   
Site  Areas Depth (cm) C:N Error 
BHF 
Treated 
  
  
0-2.5 12.58 0.90 
2.5-5 12.37 0.26 
5-10 12.44 1.08 
Control  
  
  
0-2.5 13.44 0.74 
2.5-5 12.55 0.08 
5-10 12.05 0.82 
Somers 
Treated- A 
  
  
0-2.5 12.45 0.46 
2.5-5 12.29 1.05 
5-10 12.19 2.31 
Treated-B 
  
  
0-2.5 12.00 0.34 
2.5-5 12.15 0.17 
5-10 11.96 0.54 
Control 
  
  
0-2.5 14.24 0.64 
2.5-5 14.14 0.83 
5-10 14.38 2.15 
ASY 
 
 
 
 
  
  
  
Treated- A 
  
  
0-2.5 14.37 0.50 
2.5-5 14.76 4.32 
5-10 16.07 1.93 
Treated- B 
  
  
0-2.5 15.30 1.96 
2.5-5 15.71 3.14 
5-10 19.15 3.57 
Control 
  
  
0-2.5 16.33 4.88 
2.5-5 14.35 0.26 
5-10 15.08 1.78 
K-Farm 
Treated 
  
  
0-2.5 10.97 1.98 
2.5-5 11.11 0.67 
5-10 12.24 1.17 
Control 
  
  
0-2.5 13.05 3.08 
2.5-5 14.26 1.02 
5-10 14.40 1.57 
West pump 
Treated 
  
  
0-2.5 11.28 0.51 
2.5-5 11.67 0.60 
5-10 12.11 0.76 
Control 
  
  
0-2.5 11.09 1.16 
2.5-5 11.43 1.28 
5-10 11.76 2.21 
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Table 7.8: Method 2 - The C:N ratio for treated areas and control areas for all 
five biosolids application sites (0 - 10 cm).   
Sites Area C:N Error 
BHF 
Treated 13.0 0.1 
Control 12.07 0.04 
Somers 
Treated-A 11.91 0.03 
Treated-B 12.06 0.02 
Control 14.4 0.2 
ASY  
Treated-A1 15.65 0.07 
Treated-A2 15.6 0.1 
Treated-B 14.6 0.2 
Control-G 14.3 0.2 
Control-B 18.2 0.2 
K Farm 
Treated-N 13.35 0.05 
Treated-S 11.3 0.8 
Control-N 13.02 0.06 
Control-S 13.55 0.05 
West pump 
Treated-1 11.80 0.04 
Treated-2 11.60 0.06 
Control 11.18 0.02 
 
7.4.5 Biosolids site - Soil Olsen-P 
Method 1- Soil Olsen-P (micro depths)  
P is another essential nutrient for plant growth, and biosolids are a rich source of P 
(Penn and Sims, 2002). The application of biosolids at the NLAR leads to an excess of 
P applied to soil more than the P, required by the plants (Penn and Sims, 2002).  In 
this study, only Olsen-P was a measured to obtain an estimation of the amount of plant 
available P in the treated and control areas. It has been well established that an Olsen-
P of 30 mg P/kg was required to achieve 95 % pasture production and any Olsen-P 
values of greater than 30 mg P/kg are in excess and substantially increase the risk of 
P run-off into surrounding water bodies (Dougherty, 2006). The application of 
biosolids to all sites has been shown to increase Olsen-P values significantly and 
should increase pasture production (Figure 7.13). The increased plant growth  from 
the addition of essential nutrients such as N and P (Koga and Tsuji, 2009) would result 
in increase in both above-ground and below ground plant biomass C.  This was one of 
the ways that biosolids can increase soil C input which, if stored long-term, can result 
in soil C sequestration (Gami et al., 2009, Jarecki and Lal, 2003, Kou et al., 2012, Koga 
and Tsuji, 2009, Suman et al., 2009).    
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Figure 7.13: Method 1 - Olsen-P of biosolids treated areas and control areas for 
the 5 sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP. 
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Method 2- Soil Olsen-P (macro depth) 
Both method 1 and 2 showed that application of biosolids would lead to increase in 
Olsen P in all treated and control sites (Figure 7.14). The increase in Olsen-P values for 
both methods was consistently showing that method 2 was an appropriate method for 
nutrient accounting and determination of fertiliser rate. It also has the advantage of 
being quicker which makes site assessment less expensive. 
 
 
 
Figure 7.14: Method 2 - Olsen-P of biosolids treated areas and control areas for 
the 5 sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP. 
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7.4.6 Soil C storage for the biosolids sites  
Method 1- C storage 
The C stock was calculated for the five sites; control areas and treated areas (see Figure 
7.15). The C stock was essentially how much C was stored in the soil in each depth layer 
for both the treated and control areas. The data showed that some treated areas had 
more C stored than the control areas. However, this was not the case for all sites. The 
analysis of the C stock data showed that the BHF and Somers sites sequestered more 
C at 2.5 - 10 cm depths intervals (Figure 7.16). The repeat application sites such as BHF 
and Somers sequestered more C compared to K Farm and ASY that had single 
applications. The exception was the WP site which lost more C even after three 
applications probably due to naturally high C in the control area, and biosolids 
application did not significantly increase the C on treated areas.  
The C sequestered by biosolids application was estimated using two different 
calculated values; the first was the average value and the second was the lower 95 % 
CI value. The lower 95 % CI gave a more conservative estimate while the average gave 
an estimate closer to the actual amount of C sequestered. The lower 95 % CI would be 
the preferred value used for the C accounting scheme because the land manager can 
be 95 % confident that the actual C sequestered value was above the lower 95 % CI 
value.  For both the C average value and lower 95 % CI, the result showed that biosolids 
application sequestered C at the BHF and Somers sites but not ASY, K Farm and WP 
sites (Figure 7.17). The reason why biosolids application at the BHF and Somers sites 
resulted in increased C levels compared to WP was possibly due WP site being at the 
maximum C storage level.  This means the addition of biosolids will increase the C 
level and C stock until the maximum storage capacity will be reached after which any 
further application will not result in long-term storage of C (Christopher and Lal, 
2007, Powlson et al., 2011, Yan et al., 2007). The point at which the maximum storage 
capacity of soil will be reached was site-specific and dependent on soil type and climate 
which was consistent with other studies (Christopher and Lal, 2007, Yan et al., 2007).  
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Figure 7.15: Method 1 - C stocks of biosolids treated areas and control areas 
for the five sites (a) BHF, (b) Somers, (c) ASY farm, (d) K Farm and (e) WP. 
 
0 5 10 15 20 25
Treated
Control
Treated
Control
Treated
Control
0
-2
.5
 c
m
2
.5
-5
 c
m
5
-1
0
 c
m
D
e
p
th
 (
cm
)
(a) BHF - Stock C (Mg C/ha)
0 5 10 15 20 25
Treated-A
Treated-B
Control
Treated-A
Treated-B
Control
Treated-A
Treated-B
Control
0
-2
.5
 c
m
2
.5
-5
 c
m
5
-1
0
 c
m
D
e
p
th
 (
cm
)
(b) Somers - Stock C (Mg C/ha)
0 5 10 15 20 25
Treated-A
Treated-B
Control
Treated-A
Treated-B
Control
Treated-A
Treated-B
Control
0
-2
.5
 c
m
2
.5
-5
 c
m
5
-1
0
 c
m
D
e
p
th
 (
cm
)
(c) ASY - Stock C (Mg C/ha)
0 5 10 15 20 25
Treated
Control
Treated
Control
Treated
Control
0
-2
.5
 c
m
2
.5
-5
 c
m
5
-1
0
 c
m
D
e
p
th
 (
cm
)
(d) K Farm - Stock C (Mg C/ha)
0 5 10 15 20 25
Treated
Control
Treated
Control
Treated
Control
0
-2
.5
 c
m
2
.5
-5
 c
m
5
-1
0
 c
m
D
e
p
th
 (
cm
)
(e) WP - Stock C (Mg C/ha)
341 
 
341 | P a g e  
 
 
 
 
Figure 7.16: Method 1 - Result of C lost or sequestered calculation for all five 
sites sampled using the average and lower 95% confidence interval (lower 95% 
CI). The error bars on the average value are showing the range of calculated 
values.        
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Figure 7.17: Method 1 - (a) The C sequestered in each treatment on a C base 
using the average and lower 95% CI as the estimate and  (b) The C sequestered 
in each treatment on CO2 equivalent using the average and lower 95% CI as the 
estimate.     
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overall increase in 0 - 10 cm in method 1, have shown an overall decrease in method 
2. The reason for the overall decrease in BHF C storage in method 2 was due to the 
bucket auger not cutting through 0 - 10 cm depth entirely in the heavy clay soils of 
BHF, resulting in an overrepresentation of the 0 - 2.5 cm depth layer in the sample 
collected. The evidence for the top layers being sampled more was by observing 
method 1 results for BHF. The method 1 results showed that the bottom layers in the 
treated sites are having more C in the 2.5 - 10 cm depth when compared to the control 
site, but the control site having more C in the top 0 - 2.5 cm depth and treated site 
having less. Since the same treated and control areas were measured there should have 
been a slight increase in C storage if the full 0 - 10 cm depth was measured, but the 
result showed a loss which means the top layer was over-represented. Furthermore, 
observing the C stock result for ASY and K Farm showed that method 2 by breaking 
up the large treated area into smaller areas showed some spatial variation in the 
treated area. In comparison, method 1 by taking a duplicate sample from the entire 
area where no spatial variation can be observed, but by taking duplicate samples from 
each quadrat at each micro depth, interval gives a reliable and accurate estimation of 
the variability in the result for each treated and control area. To improve method 2, 
taking duplicate composite samples from each of the treated and control areas would 
result in a better estimate of the site variability. 
 
Figure 7.18: Method 2 - C stocks of biosolids treated areas and control areas 
for the five sites. 
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The method 2 C sequestration data showed most treated areas had an increase in C 
sequestered (Figure 7.19). BHF and WP sites showed a loss in C, and ASY treated-A2 
area and K farm treated-S also showed a loss C. The loss of C can be observed by the 
negative (-) C sequestration result in Figure 7.19. Also, the total C sequestered, and 
total C sequestered as a CO2 equivalent for each area are shown in Figure 7.20. Somers 
treated-B area was found to sequester the most C at 74 Mg of C or 274 Mg of CO2 
equivalent. In contrast, WP treated area-1 was found to have lost the most C at 8 Mg 
of C or 56 Mg of CO2 equivalent. The result showed that biosolids application could 
lead to significant C sequestration in biosolids treated areas. 
 
Figure 7.19: Method 2 - Result of C lost or sequestered calculation for all five 
sites sampled using the average and lower 95% confidence interval (lower 95% 
CI). The error bars on the average value are showing the range of calculated 
values.        
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Figure 7.20: Method 2 - (a) The C sequestered in each treatment on a C base 
using the average and lower 95 % CI as the estimate and (b) The C sequestered 
in each treatment on CO2 equivalent using the average and lower 95 % CI as the 
estimate. 
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Comparison of the two methods C stock and C sequestration estimates   
The two methods in some cases were found to give very different results (Figure 7.21). 
For example, BHF showed an overall increase in C stock using method 1 while in 
method 2 the site showed a decrease. Some sites like Somers had a lower estimate of 
C stored in method 1 and significantly higher estimate in method 2. The reason for the 
differences in estimates was discussed earlier and can be a result of differences in 
sampling method. Method 1 was the preferred method because using the split auger 
cleanly cuts through the layer and can easily separate the depth layers but it is a 
prolonged and challenging sampling procedure. In comparison method 2 was more 
straightforward and a quicker method, but it was found to overestimate or 
underestimate the C due to not cutting through the depth cleanly. The key finding was 
that soil C sequestration estimations were highly dependent on the sampling method 
used. Additionally, for future monitoring of biosolids sites over an extended period, it 
was important for water corporations to use a single sampling method for consistency 
and to get comparable data.     
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Figure 7.21: (a) The C sequestered in method 1 compared to method 2 on a C 
base using the average and lowered 95 % CI as the estimate and (b) The C 
sequestered in method 1 compared to method 2 on CO2 equivalent using the 
average and lowered 95 % CI as the estimate. 
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7.4.7 Implications for the water industry   
The primary objective of this study was to give an approximate estimate of how much 
C was stored in the historical biosolids application sites managed by two water 
corporations with an aim to determine if biosolids application to land would result in 
any meaningful C sequestration. To estimate the C stored by biosolids application 
treated and controls sites where chosen and were sampled using two different 
methods. Due to the sites already having biosolids applied before the start of the study 
the buffer zones and areas in the site that did not receive any biosolids but still under 
the same farming management were chosen as controls. The difference between the 
treated and control was used to determine how much C was stored and calculate a C 
sequestration value.  
By observing the C sequestration results (in Figure 7.22), it was demonstrated that 
method 1 had a lower estimate for the C stored in SEW managed sites and higher 
estimates for the C loss in Wannon Water site; compared to method 2 that had a higher 
estimate in the south-east water site and lower estimate in the Wannon Water site. 
The lower 95 % CI would be a better estimate for SEW due to being a more conservative 
value for C accounting purposes. This means that SEW is 95 % confident that the 
average is above the value. For Wannon Water, by using the lower 95 % CI, the loss 
will be overestimated, while the average may be a more accurate estimation of the loss. 
A key result of this study was that if water industries wish to maximise soil C 
sequestration sites which have soils with low C and nutrients must be chosen. The 
rationale for choosing low C and nutrient sites was that any biosolids application 
would result in increased productivity and plant growth from the addition of nutrients 
and maximising the C input into the soil from plant biomass and residue. Also, with 
biosolids, C from the land application will also increase the C inputs into the soil. 
Further it was found that repeat application of biosolids was critical to building up the 
C in the soil which is consistent with other studies (Bolan et al., 2013, Tian et al., 2009), 
Currently, in Victoria, there are not many repeat application sites due to the 
abundance of agricultural land and the water industry 5-years rule, which prevents 
water corporations reapplying biosolids to the same sites within a 5 years period. 
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Figure 7.22:  The total C sequestered for each water corporation from the land 
application of biosolids. In graph (a) C sequestered on C basis and (b) C 
sequestered on a CO2 equivalent basis. 
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7.5 Conclusion 
The key findings from this study were that biosolids application could increase C 
stored in the soil, but this was dependent on the site in which the biosolids are being 
applied to and also that repeat application of biosolids was required to build up the C 
in soil. In this study two methods where compared - method 1 stratified random 
sampling design and method two conventional judgment sampling method. The two 
methods had very different results. Method 2 had a higher estimate of C sequestration 
values due to oversampling the top layer of soil while method 1 gave a lower but more 
accurate estimate due to the more accurate sampling method. The critical information 
gained from using two different methods was that C estimation is very much method 
dependent. Overall it was found that the applications of biosolids on SEW sites and 
SEW customer sites resulted in soil C sequestration while the application on Wannon 
Water sites did not. The explanation for this was that the Wannon Water site naturally 
high in nutrients and C, which meant that the application of biosolids had minimum 
benefit to the soil. Plus, the naturally high soil C may mean that the maximum C 
storage levels under current farming practices have been reached. Overall, based on 
the above findings, the hypothesis that biosolids C can be sequestered in soil has been 
established. In addition, it was established that increased SOC was dependent on the 
receiving soil characteristics and multiple biosolids applications were required.  The 
study also highlighted the importance of the sampling method used and that more 
reliable data was generated using a split auger and a stratified random sampling 
design.        
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Chapter 8:  Project Overview   
 
8.1 Preamble  
The previous chapters in this thesis described the diversity of biosolids materials and 
how current management practices and biosolids products could potentially affect soil 
C sequestration. This overview aims to reflect on the connectivity of the previous 
chapters (Figure 8.1) and also summarises the critical outcomes of each of these 
chapters and the implications for the water industry of this research. Some suggestions 
for further research based on these outcomes will also be presented.  
8.2 Research context  
The project described in this thesis was designed with extensive industry consultation 
to address some deficiencies in reported information on various biosolids products 
generated in Victoria. In particular, there was a lack of information on 
physicochemical properties of the range of biosolids products and also difficulties in 
management processes involving land applications that are governed by regulations 
that consider biosolids as a homogeneous group of materials and do not take into 
account the receiving soil properties. Furthermore, in recent years, there has been a 
growing interest in the C sequestration potential of many organic waste streams which 
were recognised as the most promising option to generate C credits in agricultural 
systems. This was strongly highlighted in the 2011 Australian State of the Environment 
Report citing a CSIRO review of soil C sequestration potential in Australian soil 
(Sanderman et al., 2010). To capitalise on this management approach, water 
corporations require quantitative information on the sequestration dynamics of 
biosolids products as well as a selection of appropriate receiving soils. It was beyond 
the scope of this present study to investigate soil/biosolids interactions, but the 
mineralisation behaviour of all biosolids types was investigated which provides 
information on the likely fate of these products when they are land applied. An 
investigation into the fate of biosolids C on some actual land application sites did show 
that the soil type and the application frequency are critical determinants in developing 
a sequestration program. 
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Figure 8.1: Visual preamble and thesis connectivity web diagram.  
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8.3 Major findings  
This thesis aimed to investigate biosolids materials and current management practices 
effect on biosolids C sequestration potential and soil C sequestration. An initial review 
of the literature showed inconsistency in the description and classification of biosolids. 
Based on the characterisation of the products, four distinct types of biosolids currently 
produced in Victoria were identified, and a new system of classification was developed 
that better represented the diverse nature of the biosolids products. The new 
classification system will allow biosolids managers to identify similarities and 
differences between biosolids types. It was found that some biosolids were soil-like 
and could be classified as an Anthroposols. Further, it was found that there was a 
significant difference in the mineralisation behaviour of the 4 types and this was 
concluded to be due to the ageing and maturation time. 
Another finding from the characterisation of products was that spectroscopic 
characterisation of the biosolids using techniques such as MID-IR combined PLS 
could predict elements (e.g. C, N, Si and Al) and particle size (i.e. clay, silt and sand) 
in biosolids. The use of MID-IR combined with PLS could be used as an alternative 
and cost-effective method to measure multiple analyts in biosolids. Based on this 
knowledge, a methodology was developed for the specific use of MID-IR and PLS for 
the estimation of C in biosolids products. The results were showed that MID-IR 
combined with PLS could give a reasonably accurate estimation of biosolids C. Other 
significant findings showed that biosolids components that could be considered as 
contaminants or impurities such as heavy metals and clays have some impact on C 
mineralisation which further emphasises the need to undertake site-specific pre-
application analysis to develop a sequestration program. A field study of biosolids on 
historically applied biosolids sites found that the application of biosolids could result 
in soil C sequestration, but this was dependent on site-specific factors such as soil type 
and nutrients in the soil.  
The schematic diagram below (Figure 8.2) illustrates how the information generated 
in this project can be incorporated into a C sequestration strategy for biosolids 
applications on Victorian soils. The project has shown that if biosolids are to be used 
in C sequestration programs in Victoria the main issues to be considered are: 
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• Biosolids type - the study has shown that biosolids C mineralisation is 
dependent on the biosolids type as defined by the research presented in chapter 
2. 
 
• Biosolids contaminants such as clays and heavy metals- the study has found 
that clay and metal contaminants, which are unavoidable components of 
biosolids, can both affect C mineralisation (clay apparently to a lesser extent) 
which highlights the importance of thorough characterisation of biosolids 
products to be used in sequestration programs. 
 
• Site and soil selection - the study has shown that receiving soil type and fertiliser 
history can both impact on biosolids C mineralisation. 
 
• A reliable method for sampling receiving soils - soil C analysis is critical to the 
site preparation and on-going monitoring that would be required in a 
sequestration program. This study has found that the sampling method used to 
survey a potential application site soil can affect C measurements and soil 
sampling must be undertaken using a split auger to enable collection of 
composite soil sections throughout the surface layer rather than a single surface 
soil plug. 
 
• Reliable soil and biosolids C analysis that is rapid and suited to large sample 
sizes - this study has demonstrated that MID-IR analysis is ideal for rapid 
analysis of large sample sets as it requires minimal sample preparation and can 
provide sufficiently accurate C data provided the C levels are not too low. 
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Figure 8.2: C sequestration strategy for biosolids applications on Victorian soils 
based on this project. 
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8.4 Implications for the water industry  
The study has generated some key information essential to water corporation 
managers to better plan and improve their existing land application arrangements and 
to investigate the sequestration potential on suitable sites. This study has clearly 
demonstrated the factors that affect biosolids C mineralisation, and it was determined 
that under the appropriate soil type and biosolids management, it is possible to 
sequester C in the Victoria region to enable water corporations to offset their GHG 
emissions. However, more information on matching biosolids properties and receiving 
soils characteristics is required for developing practically implementable and cost 
effective programmes. This study has identified the key factors that need to be 
considered and can serve as a guide to future research and development on this 
emerging biosolids management strategy.  
8.5 Future work based on the project findings 
Based on the new information arising from this project, there are several possible areas 
that may provide further research avenues. Further research in these areas enhances 
understanding of biosolids and soil C sequestration in relation to biosolids and can 
improve how biosolids are managed in Victoria.   
➢ In chapter 2 introduced a novel classification system for biosolids was 
developed, and it was found that Victorian biosolids can be classified into four 
types. It would be of interest to investigate how other products in Australia and 
globally fit into the classification system developed in this project. 
➢ It was found in chapter 3 that the use of MID-IR combined with PLS could 
predict C in biosolids, and also, based on the characterisation work in chapter 
2,  it was shown that MID-IR combined with PLS could potentially predict other 
useful characteristics in biosolids such as  N, Si, Al, clay, silt and sand. The use 
of MID-IR could potentially reduce the need to use multiple expensive analyses 
which could significantly reduce costs for the water corporations.  
➢ It was shown in chapter 4 that mineralisation differed between the 4 biosolids 
types. Further work could be carried out to investigate how the mineralisation 
of products from other Australian states would compare to the products used 
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in this study. This was not pursued in the current project due to the limitations 
of the project scope. 
➢ The study showed that clay may play a role in biosolids C mineralisation, but 
due to the relatively short timeframe for this study, it was not practical to 
investigate mineralisation over several years which would be needed to 
unambiguously determine if there was a significant effect from clay 
contaminants. 
➢ The investigation of the effect of metals on C mineralisation showed that metals 
such as Cd, Cu and Zn influenced mineralisation and there was some evidence 
that the combination of one or more of these metals could enhance 
mineralisation. It would be of interest to investigate how the other metals in the 
biosolids affect the mineralisation rate consequently increasing the C 
sequestration potential of biosolids products. 
➢ Soil C data from historical biosolids application sites indicate that there is a 
potential for significant soil C build up following repeated applications. 
Therefore, the logical next step would be to design a long-term field experiment 
to look at different soil and biosolids types under annual biosolids application 
management to determine whether this would lead to increase in soil C and lead 
to significant soil C sequestration.     
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Appendix  
 
Table A.1: Total element result of 17 biosolids samples. 
Victorian 
biosolids 
groups 
Products 
Al As C Ca Cd 
% mg/kg % % mg/kg 
Average Error Average Error Average Error Average Error Average Error 
Group 1 
(TDP) 
Thermally Dried 2.72 0.01 7.51 0.03 39.03 0.06 1.27 0.05 2.61 0.05 
Pelletised <1 N/A 5.3 0.04 34.8 0.18 1.4 0.02 2.15 0.03 
Group 2 
(< 3 yr.) 
Solar dried 2.96 0.05 7.7 0.1 33.56 0.21 3 0.2 3.19 0.02 
Centrifuged 6.88 0.04 6.49 0.1 26.19 0.22 1.52 0.02 2.84 0.05 
Clay drying bed 13.05 0.05 8.48 0.1 10.21 0.1 1.28 0.03 2.39 0.03 
Windrowed 4.87 0.01 6.32 0.15 14.78 0.1 1.22 0.03 2.42 0.02 
Belt press 4.11 0.06 5.22 0.05 35.29 0.27 2.3 0.1 2.81 0.03 
Group 3 
(Comp) 
  
Bio Compost 2.881 0.003 9.49 0.19 26.78 0.23 2.4 0.1 2.4 0.07 
90:10 Composted biosolids 4.03 0.09 8.74 0.18 13.44 0.06 1.43 0.04 2.05 0.01 
100% Biosolids Composted 3.62 0.02 7.34 0.05 17.61 0.15 1.81 0.03 2.08 0.01 
Group 4 
(> 3 yr.) 
P2009A1 10.48 0.07 5.71 0.1 5.66 0.02 0.3 0.1 2.43 0.04 
P2009A2 10.04 0.02 5.72 0.08 6.13 0.02 0.5 0.1 2.28 0.03 
P2009B 11.25 0.07 5.78 0.34 5.08 0.08 0.3 0.01 2.37 0.06 
H2009 12.8 0.2 9.81 0.12 8.9 0.03 1.1 0.01 2.85 0.02 
R2009 5.08 0.08 8.84 0.48 10.46 0.07 4.4 0.1 3.33 0.16 
W2009 8.75 0.09 9.09 0.1 20.95 0.06 2.5 0.01 4.17 0.01 
E2009 6.66 0.04 6.47 0.95 25.51 0.13 3 0.01 3.7 0.48 
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Table A.2: Total element result of 17 biosolids samples (continued). 
Victorian 
biosolids 
groups 
Products 
Cu Cr Fe Hg K 
mg/kg mg/kg % mg/kg % 
Average Error Average Error Average Error Average Error Average Error 
Group 1 
(TDP) 
Thermally Dried 352 2 86 1 2.14 0 0.011 0.001 0.6 0.01 
Pelletised 112 0 13 1 <1 N/A 0.011 0.001 1.1 0.028 
Group 2 
(< 3 yr.) 
Solar dried 438 3 16 1 3.32 0.01 0.243 0.075 0.23 0.035 
Centrifuged 243 3 29 1 3.9 0.09 0.158 0.115 0.32 0.004 
Clay drying bed 114 1 26 1 4.32 0.01 0.015 0.004 0.255 0.007 
Windrowed 246 5 37 1 10.29 0.05 0.012 0.001 0.36 0.007 
Belt press 450 14 22   2.08 0.01 0.086 0.041 0.12 0.005 
Group 3 
(Comp) 
  
Bio Compost 101 1 22 1 2.14 0.02 0.011 0.001 1.1 0.045 
90:10 Composted biosolids 31 1 13 1 1.46 0.01 0.012 0.001 0.27 0.007 
100% Biosolids Composted 37 1 10 1 1.35 0.06 0.011 0.001 0.27 0.008 
Group 4 
(> 3 yr.) 
P2009A1 185 3 31 1 3.98 0.03 0.012 0.001 0.096 0.007 
P2009A2 166 1 26 1 4.27 0.02 0.011 0.001 0.099 0.001 
P2009B 135 2 27 1 3.45 0.03 0.012 0.001 0.11 0.005 
H2009 282 3 36 1 3.9 0.05 0.038 0.021 0.15 0.009 
R2009 358 9 220 1 1.8 0.08 0.593 0.108 0.12 0.005 
W2009 678 8 130 1 3.19 0.04 0.69 0.142 0.28 0.005 
E2009 759 11 120 1 2.34 0.01 0.453 0.094 0.58 0.008 
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Table A.3: Total element result of 17 biosolids samples (continued). 
Victorian 
biosolids 
groups 
Products 
Mg Mo N1 Na Ni 
% mg/kg % % mg/kg 
Average Error Average Error Average Error Average Error Average Error 
Group 1 
(TDP) 
Thermally Dried 0.484 0.01 5.92 0.07 6.685 0.042 0.314 0.004 25.26 0.18 
Pelletised 0.709 0.019 4.31 0.2 6.613 0.014 0.109 0.011 13.84 0.16 
Group 2 
(< 3 yr.) 
Solar dried 0.362 0.009 6.04 0.1 5.202 0.019 0.139 0.011 20.16 0.03 
Centrifuged 0.422 0.002 4.01 0.16 4.287 0.014 0.075 0.014 26.38 1.36 
Clay drying bed 0.301 0.007 2.46 0.02 1.514 0.011 0.075 0.013 23.31 0.05 
Windrowed 0.738 0.008 3.35 0.09 2.211 0.016 0.025 0.007 31.26 0.13 
Belt press 0.217 0.011 5.46 0.22 5.152 0.013 0.047 0.006 19.26 0.65 
Group 3 
(Comp) 
  
Bio Compost 0.53 0.018 2.92 0.06 2.18 0.006 0.146 0.007 20.19 0.69 
90:10 Composted biosolids 0.226 0.004 2.04 0.03 1.004 0.002 0.098 0.003 13.2 0.64 
100% Biosolids Composted 0.236 0.008 2.11 0.01 1.478 0.017 0.14 0.008 11.58 0.09 
Group 4 
(> 3 yr.) 
P2009A1 0.095 0.006 2.16 0.02 0.665 0.009 0.028 0.003 19.92 0.31 
P2009A2 0.127 0.003 2.21 0.04 0.846 0.004 0.045 0.006 19.79 0.45 
P2009B 0.147 0.001 2.14 0.13 0.62 0.007 0.042 0.001 23.12 2.79 
H2009 0.168 0.007 3.54 0.1 1.136 0.003 0.088 0.005 27.56 0.84 
R2009 0.226 0.01 4.54 0.54 1.129 0.021 0.043 0.007 26.1 2.04 
W2009 0.361 0.004 21.51 0.24 2.03 0.005 0.388 0.018 66.79 0.55 
E2009 0.508 0.008 8.6 1.67 3.888 0.022 0.511 0.016 83.98 19.49 
1LECO N 
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Table A.4: Total element result of 17 biosolids samples (continued). 
Victorian 
biosolids 
groups 
Products 
P Pb S Se Si 
% mg/kg % mg/kg % 
Average Error Average Error Average Error Average Error Average Error 
Group 1 
(TDP) 
Thermally Dried 1.18 0.003 17.7 0.61 0.59 0.002 4.2 0.2 2.89 0.01 
Pelletised 2.09 0.02 6.42 0.27 0.33 0.01 1 0.2 0.86 0.01 
Group 2 
(< 3 yr.) 
  
  
  
Solar dried 1.24 0.005 24.15 0.05 0.93 0.01 4.6 0.3 2.68 0.04 
Centrifuged 1.03 0.005 19.16 0.5 1.07 0.02 2.9 0.1 6.93 0.21 
Clay drying bed 0.26 0.003 19.67 0.23 0.16 0.01 2.4 0.2 13.42 0.05 
Windrowed 1.39 0.004 16.32 0.4 0.73 0.01 1.8 0.3 6.61 0.17 
Belt press 0.9 0.01 23.39 0.72 0.79 0.02 4.3 0.1 3.46 0.05 
Group 3 
(Comp) 
  
Bio Compost 0.64 0.003 80.33 2.82 0.29 0.01 0.8 0.1 7.16 0.24 
90:10 Composted biosolids 0.21 0.01 18.87 0.45 0.26 0.01 0.6 0.2 13.69 0.26 
100% Biosolids Composted 0.23 0.004 18.74 0.69 0.26 0.01 0.4 0.2 13.06 0.44 
Group 4 
(> 3 yr.) 
  
  
  
  
  
P2009A1 0.19 0.002 40.72 0.26 0.26 0.01 1.8 0.3 16.07 0.05 
P2009A2 0.25 0.003 27.95 0.34 0.3 0.01 1.8 0.1 15.47 0.16 
P2009B 0.18 0.002 26.52 0.3 0.21 0.01 1.4 0.1 16.37 0.14 
H2009 0.32 0.004 30.9 1.03 0.39 0.01 3.4 0.1 12.33 0.19 
R2009 0.68 0.01 45.27 1.82 0.61 0.01 3.2 0.2 11.45 0.06 
W2009 0.35 0.01 75.09 1.21 0.66 0.01 3.7 0.3 10.27 0.11 
E2009 1.96 0.02 37.45 9.27 0.69 0.01 3.5 0.9 3.87 0.09 
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Table A.5: Total element result of 17 biosolids samples (continued). 
Victorian 
biosolids 
groups 
Products 
Ti Zn 
% mg/kg 
Average Error Average Error 
Group 1 
(TDP) 
Thermally Dried 0.314 0.001 390 34 
Pelletised 0.61 0.01 302 28 
Group 2 
(< 3 yr.) 
Solar dried 0.41 0.003 1115 235 
Centrifuged 0.6 0.01 536 9 
Clay drying bed 0.643 0.003 275 31 
Windrowed 0.54 0.06 416 81 
Belt press 0.488 0.005 688 65 
Group 3 
(Comp) 
  
Bio Compost 0.274 0.002 394 87 
90:10 Composted biosolids 0.265 0.004 75 17 
100% Biosolids Composted 0.272 0.001 167 58 
Group 4 
(> 3 yr.) 
P2009A1 0.785 0.002 273 64 
P2009A2 0.798 0.003 253 17 
P2009B 0.737 0.004 250 43 
H2009 0.73 0.004 343 47 
R2009 0.29 0.01 578 80 
W2009 0.63 0.01 709 4 
E2009 0.41 0.01 1158 250 
 
 
 
 
 
368 
 
368 | P a g e  
 
Table A.6: Factorial design for the study of the effects of metals on CR. 
Sample Run 
no. for both SD 
and P2012A1 
Coded Levels (levels) 
(Metal level for SD and 
P2012A1 biosolids) 
SD 
(actual metal concentration) 
P2012A1 
(actual metal concentration) 
Run no. Cd Cu Zn Cd (mg/kg) Cu (mg/kg) Zn (mg/kg) Cd (mg/kg) Cu (mg/kg) Zn (mg/kg) 
1 1 1 1 2 420 950 0.5 110 240 
2 1 1 2 1.9 430 7900 0.5 100 6100 
3 1 1 3 1.9 430 13000 0.5 100 11000 
4 1 2 1 1.9 4700 1000 0.5 3900 220 
5 1 2 2 1.8 4300 7100 0.6 3900 6200 
6 1 2 3 1.8 4500 13000 0.5 3700 11000 
7 1 3 1 1.8 9100 990 0.5 7200 210 
8 1 3 2 1.8 9300 7900 0.5 7000 5900 
9 1 3 3 1.7 8300 13000 0.6 7100 11000 
10 2 1 1 25 430 1000 23 110 250 
11 2 1 2 27 430 7600 22 110 6100 
12 2 1 3 27 410 13000 22 110 11000 
13 2 2 1 27 4500 1100 22 3700 220 
14 2 2 2 24 4200 7300 21 3700 6000 
15 2 2 3 26 4400 13000 23 3900 11000 
16 2 3 1 28 8900 1000 22 7400 230 
17 2 3 2 26 8400 7600 22 7200 5900 
18 2 3 3 23 7500 12000 21 6800 11000 
19 3 1 1 47 450 1100 44 110 280 
20 3 1 2 51 450 7400 43 100 6100 
21 3 1 3 47 410 14000 44 110 12000 
22 3 2 1 52 4500 1000 43 3900 230 
23 3 2 2 45 4100 7400 45 3900 6200 
24 3 2 3 45 4000 13000 39 3800 12000 
25 3 3 1 49 8100 990 43 7100 230 
26 3 3 2 44 7300 6900 42 7200 5800 
27 3 3 3 44 7000 13000 43 7100 11000 
 
369 
 
369 | P a g e  
 
Table A.7: Summary table of the results from the double-exponential model fit for SD biosolids. 
SD Run no. C(t0) 
(%C) 
Ct (%C) Cf 
(%C) 
kf 
(days -1)* 
Cs 
(%C) 
ks 
(days -1)* 
%Cf 
(%) 
t1/2(f) %Cs 
(%) 
t1/2(s) %CT(%) %Tloss R2 RMSE* 
1 31 2.8 0.3 0.07 2.3 0.003 10 10 82 231 92 8.9 0.9994 0.003 
2 30 3.0 0.3 0.07 2.6 0.001 9 10 88 693 97 9.9 0.9994 0.001 
3 30 3.0 0.3 0.07 2.7 0.001 9 10 88 693 97 10.0 0.9985 0.002 
4 30 3.0 0.4 0.064 2.4 0.001 14 11 81 693 95 9.9 0.9987 0.003 
5 29 1.4 0.3 0.07 0.9 0.003 25 10 66 231 91 4.7 0.9987 0.002 
6 31 2.7 0.4 0.07 2.2 0.002 13 10 81 347 94 8.6 0.9993 0.002 
7 30 1.8 0.3 0.07 1.4 0.002 16 10 78 347 94 5.9 0.9988 0.002 
8 31 1.3 0.4 0.07 0.8 0.005 28 10 62 139 90 4.3 0.9992 0.001 
9 30 1.3 0.4 0.07 0.7 0.007 31 10 56 99 87 4.3 0.9992 0.002 
10 31 1.7 0.3 0.063 1.2 0.004 19 11 74 173 93 5.3 0.9994 0.001 
11 32 3.0 0.4 0.064 2.4 0.002 13 11 81 347 94 9.5 0.9985 0.004 
12 31 1.5 0.3 0.07 1.0 0.009 19 10 68 77 87 5.0 0.9991 0.003 
13 32 1.4 0.5 0.068 0.8 0.008 33 10 57 87 90 4.3 0.9987 0.003 
14 32 1.4 0.4 0.07 0.9 0.007 26 10 63 99 89 4.4 0.9993 0.002 
15 31 1.6 0.5 0.07 0.9 0.006 29 10 59 116 88 5.2 0.9991 0.002 
16 32 1.5 0.5 0.07 0.8 0.006 33 10 56 116 90 4.7 0.9994 0.002 
17 30 1.6 0.5 0.07 0.9 0.005 30 10 60 139 91 5.2 0.9989 0.003 
18 28 1.6 0.5 0.07 1.0 0.005 31 10 62 139 93 5.8 0.9993 0.002 
19 31 3.0 0.5 0.07 2.4 0.002 15 10 81 347 96 9.7 0.9962 0.012 
20 32 1.6 0.5 0.064 0.9 0.007 29 11 59 99 88 5.0 0.9994 0.002 
21 31 1.9 0.4 0.07 1.3 0.007 23 10 68 99 91 6.2 0.9994 0.003 
22 29 3.0 0.6 0.054 2.3 0.001 20 13 76 693 95 10.2 0.9995 0.001 
23 29 1.3 0.4 0.059 0.8 0.005 33 12 57 139 90 4.6 0.9993 0.002 
24 30 1.4 0.5 0.051 0.8 0.006 32 14 59 116 92 4.7 0.9993 0.002 
25 32 1.6 0.5 0.07 0.9 0.006 33 10 57 116 90 5.0 0.9993 0.002 
26 31 1.4 0.5 0.07 0.8 0.007 32 10 58 99 91 4.6 0.9991 0.002 
27 30 1.7 0.5 0.07 1.1 0.004 27 10 66 173 93 5.6 0.9995 0.001 
*Significantly non-zero gradient 
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Figure A.3:Main effect plots of model constants, coeffechent and calculated values for SD biosolids model data.   
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Table A.8: Summary table of the results from the double-exponential model fit for each Run no. 1-27 of P2012A1 biosolids. 
Run no. C(t0) 
(%C) 
Ct (%C) Cf (%C) kf 
(Days -1)* 
Cs(%C) ks (×10-4 
Days -1)** 
%Cf (%) t1/2(f) %Cs (%) t1/2(s) (days) %CT (%) %Tloss R2  RMSE (×10-6)* 
1 4.91 0.529 0.029 0.030 0.498 5 5 23 94 1386 123 11 0.999 10 
2 4.79 0.066 0.016 0.033 0.050 60 24 21 76 122 121 1 0.9968 20 
3 4.94 0.100 0.052 0.009 0.050 7 52 74 50 950 175 2 0.996 20 
4 5.05 0.068 0.009 0.043 0.060 50 14 16 88 149 118 1 0.9967 10 
5 5.29 0.115 0.116 0.002 0.001 5 100 301 1 1386 402 2 0.9959 20 
6 4.46 0.074 0.000 0.005 0.075 20 0.13 139 100 354 239 2 0.995 6 
7 4.49 0.250 0.000 0.005 0.250 10 0.04 139 100 693 239 6 0.9981 8 
8 4.51 0.071 0.001 0.029 0.071 10 1 24 100 693 124 2 0.9957 2 
9 4.7 0.046 0.004 0.024 0.040 10 9 29 86 693 124 1 0.9926 2 
10 5.46 0.153 0.015 0.064 0.137 30 10 11 90 231 110 3 0.9996 4 
11 5.8 0.366 0.024 0.025 0.343 5 6 27 94 1386 127 6 0.9995 3 
12 5.51 0.065 0.067 0.008 0.001 50 102 85 2 139 189 1 0.998 1.4 
13 4.61 0.243 0.025 0.016 0.219 5 10 44 90 1386 145 5 0.9993 3 
14 5.1 0.200 0.069 0.004 0.131 5 35 162 66 1386 262 4 0.9985 9 
15 5.23 0.261 0.010 0.001 0.251 5 4 693 96 1386 793 5 0.9965 5 
16 4.92 0.200 0.010 0.001 0.191 5 5 693 95 1386 793 4 0.995 5 
17 4.59 0.066 0.003 0.097 0.063 10 5 7 95 693 107 1 0.9893 4 
18 4.65 0.062 0.008 0.039 0.054 10 12 18 87 693 117 1 0.994 4 
19 5.08 0.618 0.018 0.046 0.599 5 3 15 97 1386 115 12 0.9993 7 
20 5.15 0.113 0.012 0.070 0.101 20 11 10 89 294 110 2 0.9986 6 
21 5.46 0.362 0.025 0.028 0.336 5 7 25 93 1386 124 7 0.9993 5 
22 5.05 0.361 0.018 0.020 0.344 5 5 35 95 1386 135 7 0.9993 4 
23 5.46 0.346 0.010 0.007 0.334 5 3 95 97 1386 195 6 0.9979 7 
24 5.02 0.300 0.010 0.001 0.289 5 3 693 96 1386 793 6 0.9966 6 
25 4.7 0.050 0.001 0.050 0.050 20 2 14 99 403 115 1 0.9939 3 
26 4.77 0.050 0.007 0.050 0.043 10 13 14 86 598 113 1 0.98 9 
27 4.67 0.050 0.003 0.050 0.045 10 5 14 91 630 110 1 0.9798 5 
* Significantly non-zero gradient, ** Zero gradient  
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Figure A.4: Main effect  plots of model constants, coeffechent and calculated values for P2012A1 biosolids model data. 
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Figure A.5: Main effect plots of the effects of Cd, Cu and Zn levels on SD biosolids Total C values at 42, 72, 99, 125, 153 and 182 days. 
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Figure A.6: Main effect plots of the effect of Cd, Cu and Zn levels on SD biosolids %C Loss values at 42, 72, 99, 125, 153 and 182 days. 
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Figure A.7: Main effect plots of the effect of Cd, Cu and Zn levels on P2012A1 biosolids total C values at 42, 72, 101, 133 and 185 days. 
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Figure A.8: Main effect plots of the effect of Cd, Cu and Zn levels on P2012A1 biosolids %C Loss values at 42, 72, 101, 133 and 185 days. 
 
 
